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Materials and Reagents. All oligonucleotides (Table S1) were custom-synthesized by 

Takara Biotechnology Co., Ltd. (Dalian, China) and used without further purification. 

Perylene, Mg (OAc)2, acetic acid and Tris were all purchased from Sigma Chemical 

Co. (St. Louis, MO, USA). TAM buffer (pH = 8.0) was prepared by 12.5 mM Mg2+, 20 

mM acetic acid and 45 mM Tris to dissolve the DNA monomer. The methylbenzene 

was acquired from Chengdu Kelong Company Ltd. (Chengdu, China) for dissolution 

of Perylene. The mica was purchased from the Zkbaice Company (Beijing, China). The 

deionized water with the electrical resistance of 18.2 MΩ·cm was used in this detection 

system.

Table S1. Nucleic acid sequences used in the experiments.

Name Sequence from 5′ to 3′

H1
TCA ACA TCA GTC TGA TAA GCT ACA TTG GAT GCT CTA GCT 
TAT CAG ACT G

H2
TAA GCT AGA GCA TCC AAT GTA GCT TAT CAG ACT GCA TTG 
GAT GCT CAC GAC G

H3
ATG CTC ACG AC CTGGACA CGT CGT GAG CAT CCA ATG TTT 
TT

sp-H3
ATG CTC ACG AC CTGGACA CGT CGT GAG CAT CCA ATG TTT 
TT - (Spacer C12)10

H4 ACG ACC TGG ACA GCT ATG TGT CCA GGT CGT GAG CAT

H5 CAT AGC TGT CCA GGT CGT ATG CTC ACG ACC TGG ACA

miRNA-21 UAG CUU AUC AGA CUG AUG UUG A

miRNA-203a AGU GGU UCU UAA CAG UUC AAC AGU U

miRNA-122 UGG AGU GUG ACA AUG GUG UUU G
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miRNA-126 CAU UAU UAC UUU UGG UAC

miRNA-141 UAA CAC UGU CUG GUA AAG AUG G

Apparatus and Measurements. The fluorescence signal responses were measured by 

F-7000 fluorescence spectrophotometer (Hitachi, Tokyo, Japan). Gel Doc XR+ System 

(Bio-Rad, USA) was adapted to take gel-imaging. DNA micelles were characterized by 

atomic force microscopy (AFM, Nanoscope V Multi-mode 8, Bruker Company, Santa 

Barbara, USA).

Preparation of the DNA Micelles and Fluorescence Experiments. The preparation 

of DNA micelles was according to literatures with some modifications.1,2 Firstly, sp-

H3 was annealed from 95 ℃ to 25 ℃ and kept at 25 ℃ for 10 min to acquire the hairpin 

structure. Next, the fluorescence dyes perylenes and the amphiphilic sp-H3 were mixed 

to form the DNA micelles by sonication. Then, the annealed DNA hairpins containing 

H1, H2, H4 and H5 were introduced to obtain the fluorescence biosensor. After the 

target miRNA-21 incubated with the prepared biosensor, the fluorescence response was 

measured by the fluorescence spectrophotometer with the largest excitation wavelength 

at 440 nm.

Native Polyacrylamide Gel Electrophoresis (PAGE). The practicability of the 

proposed strategy was approved by PAGE characterization, where the H3 unlabeled 

with the alkane group (Spacer C12)10 was selected to replace the sp-H3 in the PAGE 

experiment section, because the sp-H3 could assemble into high molecular weight of 

micelles to influence the judgement of the DNA hybridization process. As shown in 

Figure S1, lane 1-6 represented miRNA-21, H1, H2, H3, H4 and H5, respectively. Lane 
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7 was hybrid of H1 and miRNA-21. The brightest band in lane 8 was the H1-H2 hybrid, 

which proved the CHA reaction between H1 and H2 has been successfully generated 

by miRNA-21. Compared with lane 8, the band with lower mobility in lane 9 was the 

H1-H2-H3 hybrid, indicating that the H3 was successfully opened by the released sticky 

end of H2 of H1-H2 hybrid. The top band in lane 10 was the HCR product of H4 and 

H5, which was initiated by the sticky end of H3 of H1-H2-H3 hybrid. As a contrast, 

lane 11 was the mixture of DNA substrates including H1, H2, H3, H4 and H5. In 

absence of miRNA-21, the CHA and HCR reaction couldn’t be generated, resulting in 

the unobvious product band in the lane 11. The PAGE result demonstrated that the 

detection system could be triggered by miRNA-21.

Figure S1. 16% PAGE analysis of the proposed strategy. Lane 1: miRNA-21; lane 2: H1; lane 3: 

H2; lane 4: H3; lane 5: H4; lane 6: H5; lane 7: hybrid of H1 and miRNA-21; lane 8: hybrid of H1 

and H2; lane 9: hybrid of H1, H2 and H3. Lane 10 and lane 11 were the proposed strategy with and 

without target, respectively.
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Optimum of the Biosensor. In order to confirm the optimum conditions for the 

determination of miRNA-21, the concentration of sp-H3, H4 and H5, and the dosage 

of perylene were investigated. As shown in Figure S2A, the fluorescence intensity of 

aqueous continuously increased with the concentration of sp-H3 raising from 0.5 M 

to 1.25 M, while the fluorescence response almost remained unchanged when the 

concentration of sp-H3 was higher than 1.25 M, indicating that 1.25 M of sp-H3 was 

the optimum concentration for the assembly of DNA micelles. At the same time, the 

ratio value of total volume (Vtotal) to saturated perylene’s volume (Vperylene) was 

performed in the range from 75 to 200. According to Figure S2B, when the ratio value 

of Vtotal to Vperylene was decreased from 200 to 100, the fluorescence intensity of aqueous 

was gradually increased, and then the growth trend was flattened out. Therefore, the 

Vtotal :Vperylene = 100 was the optimal condition for this experiment. Moreover, the 

concentration of the H4 and H5 was investigated in the presence of 2 nM miRNA-21. 

As shown in Figure S2C, the fluorescence response of aqueous continuously increased 

in the range of 0.4 M to1.0 M H4 and H5, and trended to level off after 1.0 M, 

proving that the optimal concentration of H4 and H5 for this detection system was 1.0 

M.

Figure S2. The investigation of the optimum reaction conditions, (A) the concentration of sp-H3, 

(B) the ratio of Vtotal to Vperylene and (C) the concentration of H4 and H5.
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Table S2. Comparison of this work with previous literatures for miRNA-21 detection

Target Detection method LOD Linear range References

miRNA-21 Fluorescence assay 47 pM 0-16 nM 3

miRNA-21 Fluorescence assay 680 pM 2-60 nM 4

miRNA-21 Fluorescence assay 8 pM 20 pM-10 nM 5

miRNA-21 Fluorescence assay 34 pM 0-4 nM 6

miRNA-21 Fluorescence assay 130 pM 0.15-37.5 nM 7

miRNA-21 Electrochemistry 40 pM 0.14 nM-10 nM 8

miRNA-21 Photoacoustic Imaging 11.69 pM 10 pM-100 nM 9

miRNA-21 Mass Spectrometry 41 pM 0-22.5 nM 10

miRNA-21 Fluorescence assay 6.9 pM 20 pM-20 nM This work

The Stability of DNA Micelles in Human Serum. The human serum is a relatively 

complicated system that contained different kinds of hormones, enzymes and 

antibodies, where the nucleases may degrade the DNA nanostructures to influence the 

detection system.11-13 In this strategy, the stable DNA micelles structure was attributed 

to the amphiphilic sp-H3 composed by the hydrophilic DNA head and the hydrophobic 

alkane tail, which means if the DNA have been degraded, the stability of DNA micelles 

would be destroyed. As shown in Figure S3, the fluorescence intensity almost keep 

stable from 4 h to 24 h after ultrasonic mixing, indicating that the DNA micelles would 

not been degraded by the nucleases within 24 h.
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Figure S3. The investigation of the stability of DNA micelles in human serum from 1 h to 24 h (1h, 

2h, 3h, 4h, 6h, 9h, 12h, 18h and 24h).

The Detection Specificity of Our Biosensor. The detection specificity is very 

important in the diagnostic application of such methods. Therefore, we have 

investigated 100 groups of negative samples to testify the detection specificity of this 

biosensor, and the fluorescence intensity distribution interval of those samples were 

shown in Figure S4 with the average value 4143, and the Standard 
�̅�=

100

∑
𝑖= 1

𝑥𝑖

100
=

Deviation (SD) =  = 44. Due to the signal-off detection models of our strategy, 

(𝑥𝑖 ‒ �̅�)2
𝑛 ‒ 1

we defined indicators of positive judgment as the value of CUT OFF =  - 3×SD=4143-�̅�

3×44=4011, so samples with fluorescence intensity lower than 4011 were false 

positive.14-16 The Figure S4 exhibited that the samples with fluorescence intensity lower 

than 4011 were distributed in the interval from 3950 to 4050, and the fluorescence 

intensity were 3970, 3987, 3993, 4024, 4029, 4033, 4037, 4039, respectively, where 

only 3 group of samples (fluorescence intensity with 3970, 3987 and 3993) were the 

false positive. Therefore, according to the previous literatures,17 we have calculated the 
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samples of false positive (FP) = 3, the samples of true negative (TN) =97, the specificity 

(Sp) =  ×100% =97% and the false detection =  ×100% = 3%. Those 

𝑇𝑁
𝐹𝑃+ 𝑇𝑁

𝐹𝑃
𝐹𝑃+ 𝑇𝑁

results demonstrated our biosensor presented a good detection specificity.

Figure S4. The 100 groups of sample distribution histogram used to investigate the detection 

specificity of our proposed strategy.

The Detection Performance of Our Biosensor in Serum. We have utilized the serum 

of healthy human to examine whether those DNA micelles could remain stable to bind 

with DNA substrates in a relatively complex biological and physiological system. Due 

to the low expression of miRNA-21 in the serum of healthy human, we have introduced 

different concentrations of miRNA-21 in the human serum buffer. As depicted in Figure 

S5, the fluorescence response (F-F0) / F0 changed obviously with the miRNA-21 

concentrations ranging from 50 pM to 20 nM, which demonstrated the miRNA-21 

could generated the CHA reaction between H1 and H2 to output a lot of H1-H2 hybrids 

to hybridize with DNA micelles and induced the rapid disassembly of DNA micelles 

with the assistance of H4 and H5 in human serum. Those results indicated the DNA 

diblock copolymer micelles could remain stable to bind with the reaction substrates in 
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the human serum buffer.

Figure S5. The fluorescence response of our biosensor in human serum with different concentration 

of miRNA-21 (50 pM, 200 pM, 500 pM, 2 nM, 20 nM).
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