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Fig. 1

Schematic diagrams of miRNA detection principle. (a) miRNA compound formation; (b) beads immobilized in fibrin hydrogel;

(c) miRNA single molecule counting
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Fig.2 Fibrin hydrogel formation diagram
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Fig. 3 Fibrin hydrogel separation and fixation device
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Fig. 4 Single molecule counting algorithm processing (partial) results. (a) Partial processing results after open field screening;

c) FHPE s Ab PR 45

(b) partial processing results after dark field screening; (c) positive point processing results
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Table 1 miR-21 experimental test results

2 miR-21ARMEN L R, fH

Table 2 R, values for miR-21 calibration curves

Concentration / Experimental time

(fmol/L) 1 2 3 4 5
0 0.0401 0.0421 0.0322 0.0453 0.0251
2 0.0342 0.0415 0.0483 0.0441 0.0382
4 0.0586 0.0468 0.0449 0.0512 0.0392
6 0.0555 0.0511 0.0602 0.0545 0.0562
8 0.0643 0.0663 0.0633 0.0681 0.0657
10 0.0755 0.0725 0.0868 0.0746 0.0741
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T Ve B A R IR EE S TG vk TR HE B S R ) £
PE U S R % .

MR 2 1 35 HUAE 4 e 110 1 25 8 RN b o i 25 DA I
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Concentration / Average R, Stzlr?dérd oV /%
(fmol/1.) o deviation
0 0.0369 0. 00820 22.2
2 0.0413 0.00541 13.1
4 0. 0481 0.00726 15.1
6 0.0555 0.00328 5.9
8 0. 0655 0.00185 2.9
10 0.0767 0.00575 7.5
0.08
0.071
g
e 0.061
E 0.05F
0.041
0.03

0 2 4 6 8 10
Concentration /(fmol/L)

E5 miR-21 #nfE M
Fig. 5 miR-21 calibration curve

J7 o VAN ZE miR-21 S 6 I XF 42, d5c AR A I B
6 fmol/L. MR FA 70 A 58, 3l i = BR Je 0 454
WL G W, ¥ 55 % 2% 1 &K -poly-HRP 5 i & -Alexa
Fluor A8 LUIMEAL UL M T K& & A UIF KRG 5,
R R N S R A B W 3 i T | X T T oMo a l i b
BAEY), T O R BT RS T S ] R
27 1 H AT B A RS T FR 87 ke Ay A 00 R 5 R B
SN R BEIT 2 W R YT L KBS FE R A1 12 W R
miRNA J7 [0 A7 b3 G 0 78 A2 W H A8 .

2 % x W

[1] Pron G. Prostate-specific antigen (PSA) -based population
screening for prost -ate cancer: an evidence-based analysis[J].
Ontario Health Technology Assessment Series, 2015, 15(10):
1-64.

1317001-5



£ 435 F 13 H9/2023 F£ 7 A/RFZH

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Scholler N, Urban N. CA125 in ovarian cancer[J]. Biomarkers
in Medicine, 2007, 1(4): 513-523.

Ballehaninna U K, Chamberlain R S. The clinical utility of
serum CA 19-9 in the diagnosis, prognosis and management of
pancreatic adenocarcinoma: an evidence based appraisal[J].
Journal of Gastrointestinal Oncology, 2012, 3(2): 105-119.

Zhao Q Q, Zhan T C, Deng Z A, et al. Glycan analysis of
colorectal cancer samples reveals stage-dependent changes in
CEA glycosylation patterns[J]. Clinical Proteomics, 2018, 15: 9.
Tzartzeva K, Obi J, Rich N E, et al. Surveillance imaging and
alpha fetoprotein for early detection of hepatocellular carcinoma
in patients with cirrhosis: a meta-analysis[J]. Gastroenterology,
2018, 154(6): 1706-1718.

Asadzadeh Z, Mansoori B, Mohammadi A, et al. microRNAs
in cancer stem cells: biology, and therapeutic
opportunities[J]. Journal of Cellular Physiology, 2019, 234(7):
10002-10017.

Ivey K N, Srivastava D. microRNAs as regulators of
differentiation and cell fate decisions[J]. Cell Stem Cell, 2010, 7
(1): 36-41.

Rodriguez R E, Schommer C, Palatnik J F. Control of cell
proliferation by microRNAs in plants[J]. Current Opinion in
Plant Biology, 2016, 34: 68-76.

Slattery M L., Mullany L. E, Sakoda L. C, et al. Dysregulated
genes and miRNAs in the apoptosis pathway in colorectal cancer
patients[J]. Apoptosis, 2018, 23(3): 237-250.

Vienberg S, Geiger J, Madsen S, et al. microRNAs in
metabolism[J]. Acta Physiologica, 2017, 219(2): 346-361.
Andreassen R, Hoyheim B. miRNAs associated with immune
response in teleost fish[J].
Immunology, 2017, 75: 77-85.
Eacker S M, Dawson T M,
microRNAs  in  neurodegeneration[J].
Neuroscience, 2009, 10(12): 837-841.
Small E M, Olson E N. Pervasive roles of microRNAs in
cardiovascular biology[J]. Nature, 2011, 469(7330): 336-342.
Taganov K D, Boldin M P, Baltimore D. microRNAs and
immunity: tiny players in a big field[J]. Immunity, 2007, 26(2):
133-137.

Sharma A R, Sharma G, Lee S S, et al. miRNA-regulated key
components of cytokine signaling pathways and inflammation in

pathways,

Developmental &. Comparative
Dawson V L. Understanding

Nature  Reviews

rheumatoid arthritis[J]. Medicinal Research Reviews, 2016, 36
(3): 425-439.
Chakraborty C, Chin K Y, Das S. miRNA-regulated cancer

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[27]

(28]

[29]

stem cells: understanding the property and the role of miRNA in
carcinogenesis[J]. Tumor Biology, 2016, 37(10): 13039-13048.
Yang F M, Ning Z Q, Ma L, et al. Exosomal miRNAs and
miRNA  dysregulation in cancer-associated fibroblasts[J].
Molecular Cancer, 2017, 16(1): 138-148.

Yanaihara N, Caplen N, Bowman E, et al. Unique microRNA
molecular profiles in lung cancer diagnosis and prognosis[J].
Cancer Cell, 2006, 9(3): 189-198.

Bica-Pop C, Cojocneanu-Petric R, Magdo L, et al. Overview
upon miR-21 in lung cancer: focus on NSCLC[J]. Cellular and
Molecular Life Sciences, 2018, 75(19): 3539-3551.

Wang Z Y, Han J X, Cui Y Z, et al. miRNA-21 inhibition
enhances RANTES and IP-10 release in MCF-7 via PIAS3 and
STAT3 signalling and causes increased lymphocyte migration
[J]. Biochemical and Biophysical Research Communications,
2013, 439(3): 384-389.

Guo H L, Ingolia N T, Weissman J S, et al. Mammalian
microRNAs predominantly act to decrease target mRNA levels
[J]. Nature, 2010, 466(7308): 835-840.

Niu Y Q, Zhang L. M, Qiu H L, et al. An improved method for
detecting circulating microRNAs with S-Poly(T) Plus real-time
PCR[J]. Scientific Reports, 2015, 5(1): 1-10.

Lim L P, Lau N C, Garrett-Engele P, et al. Microarray analysis
shows that some microRNAs downregulate large numbers of
target mRNAs[J]. Nature, 2005, 433(7027): 769-773.

Rauhut R, Lendeckel W, et al
Identification of novel genes coding for small expressed RNAs
[J]. Science, 2001, 294(5543): 853-858.

Bagga S, Bracht J, Hunter S, et al. Regulation by /ez-7 and
lin-4 miRNAs results in target mRNA degradation[J]. Cell,
2005, 122(4): 553-563.

Redshaw N, Wilkes T, Whale A, et al. A comparison of
miRNA isolation and RT-qPCR technologies and their effects on

Lagos-Quintana M,

quantification accuracy and repeatability[J]. BioTechniques,
2013, 54(3): 155-164.

Wang Y H, He L I, Huang K J, et al. Recent advances in
nanomaterial-based electrochemical and optical sensing platforms
for microRNA assays[J]. Analyst, 2019, 144(9): 2849-2866.
Tam S, de Borja R, Tsao M S, et al. Robust global microRNA
expression  profiling  using  next-generation  sequencing
technologies[J]. Laboratory Investigation, 2014, 94(3): 350-358.
Cohen L, Hartman M R, Amardey-Wellington A, et al. Digital
direct detection of microRNAs using single molecule arrays[J].
Nucleic Acids Research, 2017, 45(14): e137.

Ultrasensitive Detection of MicroRNA Based on Single Molecule

Detection Principle

Wu Jie'”, Huang Jialing’, Wang Yue', Li Zhenghao"’, Zhou Wenchao", Wu Yihui"™"
'Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences, Changchun 133033,
Jilin, China;

*University of Chinese Academy of Sciences, Beijing 100049, China;

*School of Ophthalmology and Optometry and Eye Hospital, Wenzhou Medical University, Wenzhou 325000,

Zhejiang, China

Abstract

Objective

Currently, the traditional biomarkers used for human in vitro diagnostic testing are divided into two categories:

proteins and nucleic acids. Traditional protein biomarkers include prostate-specific antigen (PSA) for prostate cancer,
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CA125 for ovarian cancer, CA19-9 for pancreatic cancer, carcinoembryonic antigen (CEA) for colorectal cancer, and
alpha-fetoprotein (AFP) for liver cancer. Nucleic acid biomarkers include DNA and RNA. MicroRNA (miRNA) is an
endogenous, non-coding, single-stranded, and small RNA, with a length equaling approximately 18-22 nucleotides, and
regulates over 50% of human protein-coding genes. miRNA plays a key role in cell differentiation, proliferation,
apoptosis, metabolism, and immune response. Its abnormal expression is associated with major diseases such as
cardiovascular disease, neurological disease, immune disease, rheumatoid arthritis, and various cancers. Abnormal
expression of miRNA can be detected in almost all types of cancer diseases, such as let-7's high expression and miR-155's
low expression associated with poor prognosis in non-small cell lung cancer; miR-103 promotes cancer cell migration by
increasing vascular permeability in liver cancer; miR-21 serves as upregulation of an oncogene in lung and breast cancers.
miR-21 is the most commonly upregulated miRNA in tumor cells and is associated with every aspect of cancer
development, including genomic instability and mutation, cell proliferation, inflammation, metabolic abnormalities,

evading apoptosis, immune destruction, and growth inhibition.

Results and Discussions miRNA is an important biomarker in the detection of major diseases such as cancer. While
quantitative real-time polymerase chain reaction (RT-qPCR) suffers from amplification bias due to reverse transcription
limitations. Northern blotting has limitations in sensitivity. Next-generation sequencing (NGS) and single-molecule array
technology (SiMoA) have advantages in low detection limits and high sensitivity. However, amplification bias or a lack of
simplified workflow will hinder the real-time point-of-care medical diagnosis, treatment, and prognosis. In this paper, we

presented a miRNA detection method based on the single-molecule detection principle.

Conclusions To begin with, a sandwich structure was formed by using the Poisson distribution to create a complex. The
captured probe-coated magnetic beads bound to half of the base pairs of the miRNA , satisfying the binding rule, while the
other half of the miRNA base pairs bound to biotinylated detection probes. The detection probe then bound to streptavidin-
poly-HRP, forming a complex. In an H,O, solution, streptavidin-poly-HRP bound to the tyramine-Alexa Fluor 488
molecule in a catalytic deposition manner to amplify the signal. Subsequently, the complex was immobilized by using fibrin
hydrogel instead of microfluidic chips. The complex underwent Brownian motion in solution, continuously moving in an
irregular pattern and randomly colliding with other suspended complexes. In order to immobilize the complex and facilitate
single-molecule counting of miRNA, a simplified method for immobilizing the complex was designed by using fibrin
hydrogel instead of microfluidic chips, which solved the design and manufacturing issues required by microfluidic chips.
Fibrin hydrogel was generated by the polymerization of fibrinogen under the action of thrombin and catalytic factors.
Fibrinogen was a glycoprotein synthesized and secreted from stem cells, and each fibrinogen molecule consisted of three
pairs of different peptide chains, namely a, £, and y, which were arranged symmetrically on both sides. The molecules
were connected by disulfide bonds both between and within the molecules, and fibrinogen molecules existed in a polymeric
form in solution through intermolecular interactions. Firstly, fibrinogen was converted to fibrin peptides by the action of
thrombin, resulting in an unstable soft clot. Then, the inactive fibrin stabilizing factor (Factor XIII) was activated by the
action of thrombin and Ca”" to become an active fibrin stabilizing factor (Factor XIIIa). Finally, under the action of Ca’",
the fibrin stabilizing factor completed the cross-linking of peptides through transglutaminase activity, forming fibrin
hydrogel. As a degradable material, fibrin hydrogel had the characteristics of biocompatibility, a certain degree of
transparency, transmission spectra covering ultraviolet to near-infrared, and high transmittance. At last, single-molecule
counting processing was performed. After the fibrin hydrogel immobilized the complex, images were acquired in bright and
dark fields, and single-molecule counting algorithms were applied. The single-molecule counting algorithm consisted of
four steps. First, spot addressing. In the bright field, the complement of the image was calculated to make the magnetic
beads bright and the background dark. The uneven illumination distribution effect was removed based on top-hat
transformation. In the dark field, contrast enhancement was applied, and the uneven illumination distribution effect was
removed based on top-hat transformation. Second, spot screening. In the bright field, single magnetic beads were
identified and screened by morphology processing. In the dark field, single bright spots were identified and screened by
morphology processing. Third, image overlay. The images obtained in the bright and dark fields were overlaid, aligning
the positions of magnetic beads and bright spots. Fourth, information extraction. Magnetic beads with bright signals were
recognized and counted as positive spots. Finally, all positive spots were counted to achieve ultra-sensitive quantification
of miRNA.

In this paper, human miR-21 was used as the detection target, with a detection limit of 6 fmol/L. (Fig. 5). This

method has great potential application value for future in vitro diagnosis and detection of miRNA..

Key words medical optics and biotechnology; miR-21; fibrin hydrogel; digital analysis; optical detection
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