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Visual detection of heart failure associated MiRNA
with DSN enzyme-based recycling amplification

*

MicroRNA 21 (miRNA-21) is reported to be closely associated with the development of heart failure, cardiac
fibrosis and hypertrophy, which could be a promising biomarker for the early-diagnosis of heart failure.
Herein, we propose a novel colorimetric miRNA detection method through the integration of duplex-
specific nuclease (DSN)-based signal amplification and AuNPs assembly induced colorimetry. Highlights
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of the proposed method are calculated as: (i) no high temperature hybridization process is required; (ii)

DSN enzyme induced recycling provides a favorable detection sensitivity and discrimination of color
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1. Introduction

MicroRNAs (miRNAs) are endogenous single-stranded RNAs
containing less than 22 nucleotides encoded by short repetitive
sequences in the genome."® MiRNAs have been intensively re-
ported to be closely associated with a variety of epigenetic
processes.*® MiRNAs play a pivotal role in the formation of
heart tissue and are responsible for regulating several phases in
cardiac development.*” Among all the miRNAs discovered,
miRNA-21 could enhance tumor growth and also mediate the
homeostasis of the cardiovascular system.® The aberrant
expression of miRNA-21 is closely related with a number of
cardiovascular diseases, including cardiac fibrosis, coronary
heart disease and hypertrophy.® Therefore, accurate and sensi-
tive miR-21 detection will provide a valuable means for identi-
fying and evaluating heart failure.

The most conventional miRNA detection methods include
northern blotting, quantitative real-time polymerase chain
reaction (qQRT-PCR) and oligonucleotide microarray.'®** Even
though all these method have been demonstrated their feasi-
bility in clinical application, they are also criticized by some
shortcomings, such as expensive reagents, time-consuming
process, which limited their further application in the field of
in vitro diagnostics (IVD)."" In details, microarray was
a method developed from northern blotting with advantages of
multiplex target detection,* but still bothered by the limited
sensitivity and low repeatability between batches. Furthermore,
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changes. We believe that the proposed DSN enzyme based colorimetric assay can be applied to heart

gRT-PCR method could provide a gold standard for miRNA
detection due to its high sensitivity and feasibility. However, the
gRT-PCR method also suffers from the drawbacks of require-
ments of specialized equipment and tedious labor-intensive
steps. Hence, alternative miRNA detection strategies were in
urgently demand to remedy the drawbacks existed in conven-
tional strategies. In recent years, a variety of novel methods have
been developed and demonstrated their feasibility for sensitive
miRNA detection,”® including florescence,"” colorimetry,
electrochemistry'® and the next generation sequencing.' For
example, duplex-specific nuclease (DSN)-based miRNA detec-
tion biosensors have attracted abundant attention due to its
special characteristics to specifically degrading dsDNA or DNA-
RNA duplexes and inactive toward single-stranded oligonucle-
otides or dsRNA. The character of DSN enzyme made it
a promising option for signal amplification in DSN-based
biosensor. However, few researches reported the application
of DSN enzyme for colorimetric miRNA detection, which is
more likely to be applied for clinical miRNA detection with
a more directly result output manner.

Herein, we propose here a novel colorimetric miRNA detec-
tion method through the integration of DSN enzyme-based
signal amplification and AuNPs assemble induced colorim-
etry. In the proposed method, the designed AuNPs probe could
be recognized target miRNA and thus trigger the signal recycle
of target under the assistance of DSN enzymes. Afterwards, the
assemble through linker probe could then trigger the color
effect of AuNPs. Through directly read the color in the sensing
system, we can eventually obtain amounts of miRNA in the
detection sample. In all, we believe that the method could
provide a new tool for visualized miRNA detection and thus
contribute to the diagnosis and prognosis of cardiovascular
disease.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2. Results and discussions

2.1 The working principle of the proposed method for
colorimetric miRNA detection

Details of working mechanism of the method is illustrated in
Scheme 1. In details, we have designed a stem-loop structure
probe and labeled them on the surface of AuNPs. AuNPs based
colorimetric detection is a simple and inexpensive form, which
is widely used in POCT (Point Of Care Test). The aggregation of
AuNPs shifts the absorption peak to a longer wavelength and
changes the color of the colloidal solution from red to purple,
which can be clearly recognized by the naked eye. When target
miRNA existed, it could hybridize with the 3’ terminal (red
section) of stem-loop probe and gradually unfold the probe,
which consequently form an RNA-DNA double strand. Based on
the special characteristics of DSN enzyme to specifically
degrading dsDNA or DNA-RNA duplexes and inactive toward
single-stranded oligonucleotides or dsRNA. As a result, the DNA
sequences section that is complementary with target miRNA is
degraded and consequently release miRNA. Released miRNA
then participant in the next recycle amplification process to
continuously generate RNA-DNA double strand products on the
surface of AuNPs. Meanwhile, the recognition section of
designed linker is exposed after DSN enzyme-based degrada-
tion. Under the assistance of a designed linker, AuNPs aggre-
gated and consequently changes the color of a colloidal solution
from red to purple. The color change is positively correlated
with the concentrations of amounts of target miRNAs in
detection samples.

Feasibility of the proposed method for miRNA detection. We
firstly investigated weather designed stem-loop probe could be
specially recognized and unfolded by target miRNA through
a florescence assay as illustrated in Fig. 1a. In the florescence
assay, we have labeled a florescence moiety (Cy3) and corre-
sponding quenching moiety (BHQ-2) on the both terminals of
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stem-loop probe. Thus, florescence of Cy3 is quenched by BHQ-
2 in original stem-loop state of the probe. With the presence of
target miRNA, it could hybridize with the 3’ terminal of the
probe and gradually unfold it, which consequently lead to the
recovery of florescence intensity. From the obtained florescence
result in Fig. 1b and c, we have observed a significantly
enhanced florescence intensity when stem-loop probe incu-
bated with target miRNA compared with the stem-loop probe
alone, suggesting the successful unfold of stem-loop probe by
miRNA. With the aims to further investigated the recognition
specific of stem-loop probe, we have also applied it for different
miRNA identification, including miR-155, Let-7a, Let-7b.
Consequently, the obtained florescence intensity when incu-
bated with miR-21 was much higher than the other three
miRNAs, indicating the specificity of the designed stem-loop
probe for target miRNA-21 identification. In order to study the
stability of the stemloop probe, a florescence assay is carried
out. In details, the stemloop probe is in its florescence “OFF”
state due to the fluorescence resonance transfer between the
Cy3 and BHQ-2 that are labeled at the two terminals of stemloop
probe. The stability is evaluated through detection of flores-
cence signals when stemloop probe incubated with different
regents, including DMEM, PBS buffer and BSA. Consequently,
the obtained florescence signals of stemloop probe when
incubated with different regents remain the same with that in
Control (DEPC water), indicating the probe could stay stable
even in complicated experimental conditions (Fig. S1T). We
then studied the feasibility of the method for target miRNA
detection though calculating the absorbance. As shown in
Fig. 1d, when incubated with target miRNA-21, the calculated
A520 of whole sensing system was significantly increased
compared with the control group. In addition, the calculated
A520 of whole sensing system was about 4.5 times higher than
that of calculated A520 result when DSN enzyme absent
(Fig. 1e). Furthermore, the A520 in the absence of DSN enzyme
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Scheme 1 Working principle of the proposed method for colorimetric miRNA detection.

© 2021 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2021, 11, 18068-18073 | 18069


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra01500a

Open Access Article. Published on 19 May 2021. Downloaded on 11/22/2025 12:10:22 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

a b

i - o
’ \ C]
I. . J

1
i + ~ ——> N\N\ND0 £ 600 — Control
! ! § — Target miRNA
H [

' Target miRNA ! 3 400 — Non-specific miRNA
I ] 2
: : g
I | % 200+
. e o
! + N —— + o ! 2
. g D-
. Non-specific ! 550 600 650 700
.\, Target miRNA R4 Wavelength (nm)

A520

mm Control
mm Non-specific miRNA
B Target miRNA

T T T 1
0 200 400 600 800 miR-21

Florescence intensity (a.u.)

miR-155 Let-7b

miRNAs

Let-7a

A
e‘k\g\
RS

Fig.1 Feasibility of the proposed method for miRNA detection. (a) Illustration of the florescence assay to investigate the interaction between the
stem-loop probe and target miRNA. (b) Florescence spectrum of the stem-loop probe when incubated with target miRNA, non-specific miRNA.
Control refers the stem-loop probe alone. (c) Calculated florescence intensity of the stem-loop probe when incubated with target miRNA, non-
specific miRNA. (d) A52 result of the sensing system for different miRNAs detection. (e) A520 result of the sensing system when DSN enzyme

existed or not. Control refers to the florescence probe alone.

is 1.5 fold higher than the control group which could be
explained by that there were possible some aggregation of
AuNPs after the unfold of stemloop probe by target miRNA. In
the method, DSN enzyme play an important role in the recycling
amplification and also responsible for the following aggrega-
tion of AuNPs.

Optimization of the experimental conditions. We then
optimized the experimental conditions of the proposed method
for a better sensing performance. First of all, we investigated the
concentration of DSN enzyme utilized in the sensing system
through observing the calculated A520 result for 100 nM
miRNA-21 detection when incubated with different concentra-
tions of DSN enzymes from 0.1 UL ™" to 2 U L™". Consequently,
the obtained A520 result gradually increased with the increase
of DSN enzymes concentrations ranging from 0.1 UL ' to 1 U
L™, and no more increases were observed when the concen-
tration more than 1 U L™, demonstrating that 1 U L' of DSN
enzyme could provide a favorable detection performance
(Fig. 2a). Afterwards, we optimized the incubation time of DSN
enzyme. From the result in Fig. 2b, the calculated A520 result is
positively correlated with the incubation time before 1 hour and
no attached increases were observed when incubated with more
than 1 hour, suggesting that incubated with DSN enzyme for
about 1 hour could provide an optimized detection result.

Sensitivity and specificity of the proposed method for
miRNA detection. Under the optimized experimental condition,
we have then investigated the sensitivity of the DSN enzyme-
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based colorimetric method though applying it for the detec-
tion of target miRNA-21 with different concentrations ranging
from 1 pM to 1 nM. From the result in Fig. 3a, the calculated
A520 result is positively correlated with the concentrations of
target miRNA-21. The obtained equation between calculated
A520 result and amounts of target miRNA-21 was Y = —0.09710
x lg C + 0.7403 with the correlation coefficient 0.9710. LOD
(Limit Of Detection) of the method for miRNA-21 detection was
determined 29 fM level through 3ob/slope method, which is
comparable or even superior to that of the former proposed
colorimetric methods (Table 1). Moreover, the proposed
method also exhibited a favorable selectivity towards target
miRNA-21 (1 nM) from a mixture of interferences at the same
concentration (miRNA-155, miRNA-10b and let-7a) (Fig. 3c).
Despite that a good specificity of the method was obtained,
analysis of target miRNA from miRNAs with highly related
sequences remains a huge challenge. We thus applied the
method for the distinguishment of highly similar miRNAs
(miRNA-1, miRNA-2, and miRNA-3) with single or double base
mutation (Fig. 3d). The obtained florescence result indicated
that the established method enables miRNA detection with
single-base resolution, which would particularly contribute to
the analysis of a miRNA family with a single-base sequence
difference.

Application of DSN enzyme-based colorimetric method for
exosomal miRNA-21 detection. To investigate the potential of
DSN enzyme-based colorimetric method for exosomal miRNA-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Experimental conditions optimization of the proposed method for miRNA detection. (a) Calculated A52° result of the method with
different concentrations of DSN enzymes. (b) Calculated A52° result of the method with incubation time.
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Fig. 3 Sensitivity and specificity of the proposed method for miRNA detection. (a) Calculated A520 result of the method with different
concentrations of miRNAs. (b) Correlation equation of the calculated A520 result with miRNA of different concentrations. (c) Calculated A520
result of the method for different miRNAs detection. (d) Calculated A520 result of the method for different miRNAs detection.

21 detection, we quantified miRNA-21 in exosomes isolated
from the clinical serum sample of patients with heart failure.
Transmission electron microscope (TEM) and nanoparticle
tracking analysis (NTA) were utilized for morphological obser-
vation of the isolated exosomes. The obtained TEM result
indicate that the extracted exosomes exhibited a flatted round
shape (Fig. 4a). The diameters of the isolated exosomes varied
from 78 nm to 210 nm (Fig. 4b) and the peak value was 115 nm,

© 2021 The Author(s). Published by the Royal Society of Chemistry

which is consistent with the previous reports. To verify the
detection performance of the method, the extracted exosomal
let-7a is diluted into different concentration and detected by
both the method and RT-qPCR. As expected, the exosomal
miRNA-21 detection results through the proposed approach
maintained a high consistency with the results from RT-qPCR
(R*> = 0.946) (Fig. 4c), suggesting that the proposed method
has a high application potential in detecting clinical specimens.

RSC Adv, 2021, 11, 18068-18073 | 18071
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Table 1 A brief comparison between the proposed method with former miRNA detection strategies”

Title Signal type Sensitivity Signal amplification Ref.
The method Colorimetry 29 fM DSN enzyme based recycle

DNAzyme-based Colorimetry 1pM HCR 20
CRISPR-Cas based Florescence M RCA 21

“ HCR, hybridization chain reaction; RCA, rolling circle amplification.
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Fig.4 Application of DSN enzyme-based colorimetric method for exosomal miRNA-21 detection. (a) TEM result of the extracted exosomes. (b)
NTA of the extracted exosomes. (c) Correlation relation of the proposed method and qRT-PCR.

3. Conclusion

AuNPs based colorimetric miRNA detection methods have been
developed for more than 20 years. However, the colorimetric
methods are suffer from the limitations of low discrimination of
color changes, requirements of high hybridization temperature.
We proposed here a novel colorimetric miRNA detection
method with DSN enzymes for signal recycles. Based on this,
the proposed method has achieved several critical advances: (a)
free from high temperature hybridization process; (b) DSN
enzyme induced recycle provide a favorable detection sensitivity
and discrimination of color changes. We believe that the
proposed DSN enzyme based colorimetric assay can be applied
to heart failure related diagnostics.

Conflicts of interest

There are no conflicts to declare.

References
1 M. Tafrihi and E. Hasheminasab, MiRNAs: Biology,
Biogenesis, their Web-based Tools, and Databases,

Microrna, 2019, 8(1), 4-27.

2 B. Liu, J. Li and M. Cairns, Identifying miRNAs, targets and
functions, Briefings Bioinf., 2014, 15(1), 1-19.

3 Q. Lu, R. Wu, M. Zhao, A. Garcia-Gomez and E. Ballestar,
miRNAs as Therapeutic Targets in Inflammatory Disease,
Trends Pharmacol. Sci., 2019, 40(11), 853-865.

4 R. Rupaimoole and F. Slack, MicroRNA therapeutics:
towards a new era for the management of cancer and other
diseases, Nat. Rev. Drug Discovery, 2017, 16(3), 203-222.

18072 | RSC Adv, 2021, 11, 18068-18073

5]. Krol, I. Loedige and W. Filipowicz, The widespread
regulation of microRNA biogenesis, function and decay,
Nat. Rev. Genet., 2010, 11, 597-610.

6 A. Eulalio, M. Mano, M. D. Ferro, L. Zentilin, G. Sinagra,
S. Zacchigna and M. Giacca, Functional screening
identifies miRNAs inducing cardiac regeneration, Nature,
2012, 492(7429), 376-381.

7 J. K. S. Pang, Q. H. Phua and B. S. Soh, Applications of
miRNAs in cardiac development, disease progression and
regeneration, Stem Cell Res. Ther., 2019, 10, 336.

8 P. Mukhopadhyay, P. Pacher and D. K. Das, MicroRNA
signatures of resveratrol in the ischemic heart, Ann. N. Y.
Acad. Sci., 2011, 1215, 109-116.

9 Z. Ma, J. Qi, S. Meng, B. Wen and J. Zhang, Swimming
exercise training-induced left ventricular hypertrophy
involves microRNAs and synergistic regulation of the PI3K/
AKT/mTOR signaling pathway, Eur. J. Appl. Physiol., 2013,
113(10), 2473-2486.

10 A. Peter, V. Lukas, E. Julie, S. Robert and K. Mikael, Two-
tailed RT-qPCR: a novel method for highly accurate miRNA
quantification, Nucleic Acids Res., 2017, 45(15), 144.

11 T. Tian, J. Wang and X. Zhou, Chemistry, B., A review:
microRNA detection methods, Org. Biomol. Chem., 2015,
13(8), 2226-2238.

12 é. Varallyay, J. Burgyan and Z. Havelda, MicroRNA detection
by northern blotting using locked nucleic acid probes, Nat.
Protoc., 2008, 3(2), 190-196.

13 G. S. Pall and A. J. Hamilton, Improved northern blot
method for enhanced detection of small RNA, Nat. Protoc.,
2008, 3(6), 1077.

14 W. Li and K. Ruan, Chemistry, B., MicroRNA detection by
microarray, Anal. Bioanal. Chem., 2009, 394(4), 1117-1124.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra01500a

Open Access Article. Published on 19 May 2021. Downloaded on 11/22/2025 12:10:22 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

15 D. Li, L. Xia, Q. Zhou, L. Wang and Y. Li, Label-Free
Detection of miRNA Using Surface-Enhanced Raman
Spectroscopy, Anal. Chem., 2020, 92(19), 12769-12773.

16 D. Juan, C. Gangyi, W. Wei, H. Xin, P. Huipan, P. Qinlin,
D. Feng, C. Xin, D. Yun and T. Zhuo, Colorimetric PCR-
Based microRNA Detection Method Based on Small
Organic Dye and Single Enzyme, Anal. Chem., 2018, 90(12),
7107-7111.

17 X. Zhao, L. Zhang, W. Gao, X. Yu and Y. Luo, Interfaces,
Spatiotemporally Controllable MicroRNA Imaging in Living
Cells via NIR-activated Nanoprobe, ACS Appl. Mater.
Interfaces, 2020, 12(32), 35958-35966.

18 Y. Bai, Z. Wu, C. M. Xu, L. Zhang and Z. L. Zhang, One-to-
Many Single Entity Electrochemistry Biosensing for

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Ultrasensitive Detection of microRNA, Anal. Chem., 2019,
92(1), 853-858

19 X.Jin, Y. Chen, H. Chen, S. Fei, D. Chen, X. Cai, L. Liu, B. Lin,
H. Su and L. Zhao, Evaluation of Tumor-Derived Exosomal
miRNA as Potential Diagnostic Biomarkers for Early-Stage
Non-Small Cell Lung Cancer Using Next-Generation
Sequencing, Clin. Cancer Res., 2017, 23(17), 5311-5319.

20 E. Hosseinzadeh, H. Ravan, A. Mohammadi and
H. Pourghadamyari, Colorimetric detection of miRNA-21
by DNAzyme-coupled branched DNA constructs, Talanta,
2020, 216, 120913.

21 G. Z. L. Zhang, ]J. Tong, X. Zhao and J. Ren, CRISPR-Cas12a
enhanced rolling circle amplification
ultrasensitive miRNA detection, Microchem. J.,
158(2020), 105239.

method for
2020,

RSC Adv, 2021, 11, 18068-18073 | 18073


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra01500a

	Visual detection of heart failure associated MiRNA with DSN enzyme-based recycling amplification strategyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01500a
	Visual detection of heart failure associated MiRNA with DSN enzyme-based recycling amplification strategyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01500a
	Visual detection of heart failure associated MiRNA with DSN enzyme-based recycling amplification strategyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01500a
	Visual detection of heart failure associated MiRNA with DSN enzyme-based recycling amplification strategyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01500a
	Visual detection of heart failure associated MiRNA with DSN enzyme-based recycling amplification strategyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01500a
	Visual detection of heart failure associated MiRNA with DSN enzyme-based recycling amplification strategyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01500a
	Visual detection of heart failure associated MiRNA with DSN enzyme-based recycling amplification strategyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01500a
	Visual detection of heart failure associated MiRNA with DSN enzyme-based recycling amplification strategyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01500a

	Visual detection of heart failure associated MiRNA with DSN enzyme-based recycling amplification strategyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01500a
	Visual detection of heart failure associated MiRNA with DSN enzyme-based recycling amplification strategyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01500a
	Visual detection of heart failure associated MiRNA with DSN enzyme-based recycling amplification strategyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01500a


