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Background: The recent discovery of microRNAs (miRNAs) and their extracellular presence 

suggest a potential role of these regulatory molecules in defining the metastatic potential of 

cancer cells and mediating the cancer–host communication. This study aims to improve the 

sensitivity of miRNA detection via DNAzyme-based method and enhance the selectivity by 

using the DNAzyme-based probe to reduce nonspecific amplification.

Methods: The miRNA probes were chemically synthesized with a phosphate at the 5′ end 

and purified by polyacrylamide gel electrophoresis. Exosomal RNA from peripheral blood 

was isolated. Carboxylated magnetic microsphere beads (MBs) were functionalized with 

streptavidin (SA) according to a previously reported method with some modification. T capture 

probe-coated SA-MBs (DNA-MBs) were also prepared. The fluorescent spectra were measured 

using a spectrofluorophotometer.

Results: We designed an incomplete DNAzyme probe with two stems and one bubble struc-

ture as a recognition element for the specific detection of miRNA with high sensitivity. The 

background effects were decreased with increase of the added of DNA-MBs and capturing 

times. Therefore, 20 minutes was selected as the optimal concentration in the current study. The 

fluorescence intensity increases as the hybridization time changed and reached a constant level 

at 40 minutes, and 1 μM is the optimum signal probe concentration for self-assembled DNA 

concatemers formation. In the presence of miRNA, the fluorescence of the solution increased 

with increasing miRNA concentration. There is no obvious fluorescence in the presence of 

10 mM of other nontarget DNA.

Conclusion: A simple, rapid method with high performance has been constructed based on 

identified circulating miRNA signatures using miRNA-induced DNAzyme. This assay is simple, 

inexpensive, and sensitive, enabling quantitative detection of as low as 10 fM miRNA.
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Introduction
Metastasis is the leading cause of mortality in breast cancer patients. Only 20% of 

the patients face a 5-year survival rate. Therefore, there is a great and urgent need to 

develop a predictive or early diagnostic method for the detection of metastasis that 

would allow the development of efficient treatment options.1

The recent discovery of microRNAs (miRNAs) and their extracellular presence 

suggest a potential role of these regulatory molecules in defining the metastatic 

potential of cancer cells and mediating the cancer–host communication.2 miRNAs are 

small noncoding RNAs that base-pair with the 3′ end untranslated regions (3′ UTRs) 

of protein-encoding mRNAs, resulting in mRNA destabilization and/or translational 

inhibition. The biogenesis of miRNAs is tightly controlled, and dysregulation of 

miRNAs is linked to cancer. miRNAs are also present extracellularly, either through 

binding to protein or lipid carriers or as a major RNA component of exosomes.
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Recently, a few researches show that miR-105, which 

is characteristically expressed and secreted by metastatic 

breast cancer cells, can be detected in the circulation of the 

premetastatic stage. The levels of miR-105 in the blood are 

associated with ZO-1 expression and metastatic progression 

in early stage of breast cancer.3,4 In breast cancer patients, 

increased levels of miR-105 in the circulation can be detected 

at the premetastatic stage and correlate with the occurrence of 

metastasis, which strongly suggests that the clinical applica-

tions of miR-105 could act as a predictive or early diagnostic 

blood-borne marker as well as a therapeutic target for breast 

cancer metastasis.5,6

Previous studies by other groups have identified circulat-

ing miRNAs in the blood of cancer patients and their levels 

distinguish cancer patients from healthy controls.7–10 The aim 

of this study is to develop a predictive or early diagnostic 

method for the detection of cancer-secreted miRNAs. In this 

study, we aim to improve the sensitivity of miRNA detection 

via DNAzyme-based method and enhance the selectivity 

by using the DNAzyme-based probe to reduce nonspecific 

amplification.

Materials and methods
Oligonucleotides and rna isolation
Oligonucleotides were synthesized by Thermo Fisher 

Scientific (Waltham, MA, USA). The sequences for the 

miR-105 detection are shown in Table 1. These probes were 

chemically synthesized with a phosphate at the 5′ end and 

purified by polyacrylamide gel electrophoresis (Thermo 

Fisher Scientific). Exosomal RNA from peripheral blood of 

20 patients and ten healthy people was isolated according to 

the instruction of isolation kit.4 The ratio of the signal probe 1 

and probe 2 has also been analyzed to obtain the optimized 

ratio. The results indicated that the optimized ratio of probe 

1 compared to probe 2 is 1:1 (Figure S1).

In this study, the sample collections have been approved 

by the ethics committee of Southern Medical University, 

Guangzhou, Guangdong, People’s Republic of China.

Preparation of streptavidin-coated 
magnetic microsphere beads
Carboxylated magnetic microsphere beads (MBs) (25 mL 

[1% w/v]) were functionalized with streptavidin (SA) 

(25 mL, 1 mg/mL), according to a previously reported 

method with some modification.4,11,12 Briefly, 1-Ethyl-3-(3-

dimethylaminopropyl)-carbodiimide (EDC) (20 mg/mL, 

20 mL) and N-Hydroxysuccinimide (NHS) (10 mg/mL, 

20 mL) were mixed with precooled 4-Morpholine Ethane 

Sulfonic Acid 9 (MES) buffer (25 mM, pH 5, 10 mL) and 

then slowly dripped into MBs solution and shaken gently for 

30 minutes at room temperature to activate the carboxyl groups. 

After washing three times with MES buffer (25 mM, pH 5, 

10 mL), SA was slowly added and shaken gently for another 

30 minutes. Finally, the SA-coated MBs (SA-MBs) were 

blocked with bovine serum albumin ([BSA] buffer (50 mM 

Tris-HCl, 0.1% Tween-20, 0.5% BSA, pH 7.4) for 30 minutes. 

After magnetic collection, the SA-MBs were resuspended in 

Tris-BSA buffer and stored at 4°C before use.

Preparation of capture probe-coated 
sa-MBs
Biotinylated capture DNA was added into SA-MBs solu-

tion with a final concentration of 1 mM, and gently shaken 

for 30 minutes at room temperature.5,6 The captured DNA 

functionalized MBs were magnetically washed three times 

with BSA buffer (50 mM Tris–HCl, 0.1% Tween-20, 0.5% 

BSA, pH 7.4) and magnetically collected, the DNA-MBs 

were resuspended in Tris-BSA buffer and stored at 4°C 

before usage.

T4 ligased and Dnazyme-based 
reactions
For miRNA detection, 2 μL miR-105 was mixed with 3 μL 

10× reaction buffer (330 mM Tris-acetate, 100 mM magne-

sium acetate [Mg(Ac)
2
], 660 mM potassium acetate [KAc], 

Table 1 sequences for the mirna detection

Name Sequences (5′–3′)

Target Dna  
(mir-105)

gagaccTcaagagaaaTaaTaTaTagccaTg

none target  
Dna (WT1)

caTTaggcaaTgaaccTcaagagTaaTagTT

none target  
Dna (WT2)

TaggTaacTggaTccagTTagagTaaaaTga

none target  
Dna (WT3)

aaTgaaTgcccaTggTaccagTgagTaaTaaT

none target  
Dna
(mismatch1)

gagaccTcaagaggaaTaaTaTaTagccaTg

none target  
Dna
(mismatch2)

gagaccTcaTgagTaaTaaTaTaTagccaTg

none target  
Dna
(mismatch3)

gagaccTcaTgagTaaTTaTaTaTagccaTg

auxiliary  
probe 1 (aP1)

TgcggaggaaggTgccgaaTaaTaTaTTTcTTcaT

auxiliary  
probe 2 (aP2)

cggcaccTTccTccgcaaTgaagaaaTaTaTTaTT

Abbreviations: mirna, microrna; WT, wild type. 
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1% Tween-20, and 10 mM dithiothreitol [DTT] [pH 7.9], 

2 μL [10 U/μL] T4 ligase [Fermentas], 0.5 μL 10 μM deoxy-

nucleotide triphosphates [dNTPs] mixture [Takara, Dalian, 

People’s Republic of China], and RNase-free water), 25 μL 

double distilled water. The reaction mixture was incubated 

at 37° for 30 minutes.

Measurement of fluorescent spectra
The DNAzyme-digested product was mixed with 10 μL 10× 

SYBR Green I (SG) dye (Thermo Fisher Scientific) and 

diluted to a final volume of 200 μL with 10 mM phosphate-

buffered saline (PBS) (pH 7.4). The fluorescent spectra were 

measured using a spectrofluorophotometer. The excitation 

wavelength was 497 nm, and the spectra were recorded 

between 507 nm and 650 nm. The fluorescence emission 

intensity was measured at 530 nm.

statistical analysis
Data were expressed as mean ± standard error of the mean. 

Statistical comparisons were performed using Student’s t-test. 

P-values ,0.05 were considered statistically significant.

Results and discussion
Mechanism of Dnazyme-based probe 
for circulating microrna detection
The schematic diagram of our method was shown in 

Figure 1; we designed an incomplete DNAzyme probe with 

two stems and one bubble structure as a recognition element 

for the specific detection of miR-105 with high sensitivity. 

The DNAzyme-based probe contains three domains: a 

miRNA-binding domain (the bubble structure), a DNAzyme 

domain, and a substrate domain. The specific probe–target 

binding occurs at the bubble structure, which contains one 

base miss that was specially designed to be complementary 

to the target miRNA. The target miR-105 binding leads to 

the formation of intact DNAzyme in the presence of T4 DNA 

ligase. In the presence of Cu2+ and ascorbate, the substrate 

is irreversibly cleaved at the cleavage site.12 The cleaved 

piece (in green) is released due to decreased affinity to the 

enzyme. The cleaved product is then applied to the forma-

tion of self-assembled DNA concatemers,12,13 eventually 

resulting amplified fluorescent signals in the presence of 

SYBR Green I.

Figure 1 The schematic strategy for mirna detection.
Notes: a Dnazyme-based probe contains three domains: a mirna-binding domain (the bubble structure), a Dnazyme domain, and a substrate domain. The binding 
of mirna to Dnazyme-based probe initiates T4 ligase reaction. (A) Secondary structure of the incomplete miRNA-specific DNAzyme. (B) The intact miRNA-specific 
Dnazyme cleaved into two fragments in the presence of cu2+. (C) The cleaved product is then applied to formation of self-assembled Dna concatemers, eventually resulting 
amplified fluorescent signals in the presence of SYBR Green I.
Abbreviations: mirna, microrna; sa-MBs, streptavidin-coated microsphere beads.
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Optimization of the experimental 
conditions
In order to solve the problem of false-positive result by 

the excess free substrate, which could hybridize with the 

capture DNA–MBs and construct the self-assembled DNA 

concatemers with signal probe 1 and signal probe 2. The 

captured DNA–MBs were used to first hybridize with the 

free substrate. Excess DNA–MBs were used for the capture 

of free substrate at different times. As shown in Figure 2, 

the background fluorescence was decreased with the increase 

of the added of DNA-MBs and capturing times. When the 

capturing time reached 20 minutes or higher, the fluorescence 

intensity became the lowest. Therefore, 20 minutes was 

selected as the optimal concentration in the current study. 

Also, the optimized concentration of signal probe 1 and 

signal probe 2 or hybridization time was optimized accord-

ing to a previously reported method (Figure 3).14 As shown 

in Figure 3, the fluorescence intensity increased as the 

hybridization time changed and reached a constant level at 

40 minutes, and the optimized hybridization time was shown 

at 45 minutes. Also, 1 μM is the optimum signal probe con-

centration for self-assembled DNA concatemers formation. 

We also investigated that the optimized hybridization time 

was shown at 37°C (data not shown).

Furthermore, we have also investigated the effects of Cu2+ 

and ascorbate on the FL intensity, respectively. The results 

indicated that the there were no significant differences among 

the different concentration of Cu2+ and ascorbate (Figure S2) 

at different capturing time. The result also showed that there 

were no significant differences among the different concen-

trations of Cu2+ and ascorbate in different ratio of probe 1 

and probe 2 (Figure S3A) and at different hybridization time 

(Figure S3B). In the following study, we would investigate 

the other markers than Cu2+ and ascorbate in different condi-

tions. We believe that the other markers would also be useful 

to the hybridization investigation.

Detection of mirna under optimal 
experimental conditions
The sensitivity of this assay was done. Different concentra-

tions of miR-105 (10 mM, 20 mM, 100 nM, 20 nM, 100 pM, 

20 pM, 100 fM, 20 fM) were examined simultaneously. As 

shown in Figure 4A, in the absence of miR-105, the solution 

showed a very weak fluorescence. In the presence of miRNA, 

the fluorescence of the solution increased with increasing 

miR-105 concentration (Figure 4A). The limit of detection 

Figure 2 Effect of the capturing time on the fluorescence intensity for detection 
of mirna.
Notes: The fluorescence spectra were recorded using a fluorospectrophotometer.  
The error bars represent the standard deviation of three independent measurements.
Abbreviations: miRNA, microRNA; FL, fluorescence.

Figure 3 effect of the concentration and hybridization time (A) of signal probe 1 and signal probe 2 (B) on the fluorescence intensity for detection of miRNA.
Notes: The fluorescence spectra were recorded using a fluorospectrophotometer. The error bars represent the standard deviation of three independent measurements.
Abbreviations: miRNA, microRNA; FL, fluorescence.
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Figure 4 The sensitivity and specificity of this assay.
Notes: (A) in the presence of different concentrations of mirna. (B) Specific target or none target DNA.
Abbreviations: FL, fluorescence; miRNA, microRNA; WT, wild type.

was 10 fM, which is calculated based on triple standard 

deviation from the mean of blanks.

Compared with other reported methods by other groups, 

the developed method exhibited a relatively high sensitivity 

for the detection of miR-105.15–17 Additionally, the present 

strategy possessed excellent reproducibility and none inva-

sive to the patient. Moreover, these methods are time-saving 

and no complicated equipment is needed.

Moreover, our findings also proved that the different 

Cu2+ and ascorbate concentrations have not affected the 

fluorescence intensity in different miR-105 concentrations 

(Figure S4).

Specificity of the assay
To validate the specificity of the assay for miR-105 detec-

tion, several other nontarget DNA were tested, including 

wild-type DNA, DNA with one mismatch/two mismatches/

three mismatches. As shown in Figure 4B, there is no 

obvious fluorescence in the presence of 10 mM of other 

nontarget DNA. These results indicated that our strategy 

exhibits high specificity for the detection of miRNA. In 

the following studies, we would attempt to explore the suc-

cessful mechanism of dissociation, which would be good to 

confirm dissociation of the substrate strand after ascorbate 

addition.

Though the present study illustrated an effective probe 

for circulating miRNA detection of breast cancer in periph-

eral blood, there were also a few limitations. First, although 

the sensitivity and specificity for miR-105 were higher, the 

sensitivity and specificity for other miRNAs have not been 

explored. Second, as a promising applied method in clinics, 

the present method falls short in comparison with other 

previously applied methods.

In conclusion, we have successfully constructed a probe 

for circulating miRNA detection of breast cancer in periph-

eral blood. The reaction mechanism is based on the specific 

recognition of target DNA to DNAzyme and cleavage of 

DNAzyme. The released substrate triggers the formation 

of dsDNA concatamers by using SYBR Green I as a signal 

reporter. In comparison with the previously reported method, 

this method has the following advantages: 1) high sensitivity 

to detect a minimum of 10 fM miRNA,18 2) high selectivity,19 

and 3) no requirement for complex and expensive instru-

mentation (except for a fluorescence spectrophotometer). 

The proposed method can be further used to screen the 

anticancer drugs and might provide a promising approach 

for the discovery of new anticancer drugs.
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Supplementary materials

Figure S1 Observation of the optimized ratio of probe 1 and probe 2.
Notes: The error bars represent the standard deviation of three independent measurements.
Abbreviation: FL, fluorescence.

Figure S2 effects of cu2+ and ascorbate on the fluorescence intensity for detection of miRNA during different capturing time.
Notes: (A) effect of cu2+. (B) Effect of ascorbate. The fluorescence spectra were recorded using a fluorospectrophotometer. The error bars represent the standard 
deviation of three independent measurements.
Abbreviations: FL, fluorescence; miRNA, microRNA.
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Figure S3 effects of cu2+ and ascorbate on the fluorescence intensity for detection of miRNA during different signal probe 1 and signal probe 2 ratio and different hybridization time.
Notes: (A) effect of cu2+ and ascorbate during different signal probe 1 and signal probe 2 ratio. (B) effect of cu2+ and ascorbate during different hybridization time. 
The fluorescence spectra were recorded using a fluorospectrophotometer. The error bars represent the standard deviation of three independent measurements.
Abbreviations: FL, fluorescence; miRNA, microRNA.
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Figure S4 effects of cu2+ and ascorbate on the fluorescence intensity.
Notes: (A) effect of cu2+. (B) Effect of ascorbate. The fluorescence spectra were recorded using a fluorospectrophotometer. The error bars represent the standard 
deviation of three independent measurements.
Abbreviations: FL, fluorescence; miRNA, microRNA.
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