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a b s t r a c t

Selective and sensitive detection of trace microRNA is important for early diagnosis of diseases due to its

expression level related to diseases. Herein, a triple signal amplification strategy is developed for trace

microRNA-21 (miRNA-21) detection by combining with target-triggered cyclic strand displacement reac-

tion (TCSDR), hybridization chain reaction (HCR) and enzyme catalytic amplification. Four DNA hairpins

(H1, H2, H3, H4) are employed to form an ultralong double-strand DNA (dsDNA) structure, which is ini-

tiated by target miRNA-21. As H3 and H4 are labeled with horseradish peroxidase (HRP), numerous HRPs

are loaded on the long dsDNA, producing significantly enhanced electrocatalytic signals in the hydrogen

peroxide (H2O2) and 3,3′ ,5,5′-tetramethylbenzidine (TMB) reaction strategy. Compared with single signal

amplification, the triple signal amplification strategy shows higher electrochemical response, wider dy-

namic range and lower detection limit for miRNA-21 detection with excellent selectivity, reproducibility

and stability. Taking advantage of the triple signal amplification strategy, the proposed electrochemical

biosensor can detect miRNA-21 in 10 HeLa cell lysates, suggesting that it is a promising method for fruit-

ful assay in clinical diagnosis.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Early diagnosis of tumors is crucial for the prevention and treat-

ment of cancerous diseases. As a potential non-invasive biomarker,

many studies have proved that the expression level of microRNA

(miRNA) is closely related to the occurrence and development of

various tumors [1–5]. Traditional detection methods including mi-

croarrays [6], northern blotting [7] and polymerase chain reaction

(PCR) [8] have been proved as useful tools to detect microRNA.

However, some drawbacks such as high-cost, time-consumption,

complexity, and low sensitivity [6,9-11], greatly limit their ap-

plication in fast, highly sensitive and on-site detection. Biosen-

sor is a promising method to analyze trace microRNA with high

sensitivity and selectivity coupled with different analytical tech-

niques, including fluorescence [12,13], colorimetry [14], surface

plasmon resonance (SPR) [15], surface-enhanced Raman scatter-

ing (SERS) [16], electrochemiluminescence (ECL) [17], and elec-

trochemistry [18]. Among them, electrochemical biosensors have

attracted widespread attention due to the advantages of simple,
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fast, high sensitivity, high selectivity, easy miniaturization and low-

cost [19–22]. To further improve the analytical performance, dif-

ferent amplification strategies have been introduced into construc-

tion of electrochemical biosensors, such as strand displaced am-

plification (SDA) [23], hybridization chain reaction (HCR) [24–26],

rolling circle amplification (RCA) [27], catalyzed hairpin assembly

(CHA) [28–30], etc. However, single signal amplification strategy

does not meet the needs for fmol/L even amol/L miRNA detec-

tion. Therefore, rational design of multiple amplification strategies

gradually attracted numerous attention due to their extraordinary

signal amplification efficiency. Wei et al. developed a dual signal-

amplification platform for microRNA-141 detection by combining

with HCR and CHA, leading to a low detection limit down to 0.3

fmol/L [26].

In this study, we developed an electrochemical biosensor cou-

pled with a triple signal amplification strategy for ultrasensitive

detection of miRNA-21. Combined with the target-triggered cyclic

strand displacement reaction (TCSDR), HCR and enzyme catalytic

amplification, four hairpins (H1, H2, H3, H4) were initiated by tar-

get miRNA-21 to form an ultralong double-strand DNA (dsDNA)

on electrode surface. Horseradish peroxidase (HRP) assembled on
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Scheme 1. Schematic illustration of the electrochemical biosensor based on triple signal amplification.

long dsDNA via labeling on both H3 and H4, which can effectively

catalyze H2O2+TMB reaction to generate a large electrochemical

signal. With the assistance of triple signal amplification, this de-

signed electrochemical biosensor can detect as low as 0.14 amol/L

miRNA-21 with a wide dynamic range of 1 amol/L-10 nmol/L. The

excellent analytical performance proved that the proposed electro-

chemical biosensor is a powerful platform for ultrasensitive miRNA

quantification in bioanalysis and clinical diagnosis.

The principle of the designed electrochemical biosensor is ex-

hibited in Scheme 1. First, the capture hairpin probes (H1) were

assembled on the electrode surface via Au-S bond. The addition of

target miRNA-21 opened the hairpin structure of H1 to form ds-

DNA via DNA-RNA hybridization reaction. Second, the added hair-

pin probe (H2) competitively hybridized with H1 to form more sta-

ble dsDNA (H2-H1) and release target miRNA-21 due to the strand

displacement reaction. The released miRNA-21 continually reacted

with H1 to initiate the next strand displacement reaction. At this

time, the biosensor achieved the first signal amplification. Third,

the formed H2-H1 dsDNA has an initiated sequence, which can

trigger HCR reaction. As a result, HRP-labelled H3 and HRP-labelled

H4 were successfully assembled an ultralong dsDNA on the elec-

trode surface due to the HCR reaction, which obtained the sec-

ond signal amplification. Large amounts of HRP loaded on dsDNA

via HCR reaction can effectively catalyze H2O2 and TMB mixture,

which was the third signal amplification (enzyme catalytic amplifi-

cation). Obviously, an extraordinary electrocatalytic signal was ob-

served in the presence of miRNA-21 due to multiple signal ampli-

fication. To prevent the TMB-H2O2 solution from being oxidized by

oxygen, nitrogen (N2) atmosphere should be maintained through-

out the electrochemical process.

The feasibility of the programmed TCSDR and HCR amplification

was firstly evaluated by polyacrylamide gel electrophoresis (PAGE).

To avoid the degradation of miRNA-21 in gel, the same synthetic

target DNA-21 was used instead of miRNA-21. As presented in Fig.

1A, H1, H2, H3, H4, DNA-21 showed clear bands from Lane 1 to

Lane 5, respectively. Compared with Lane 6, new bands were ob-

tained in Lane 7 with the reaction between H1, H2 and DNA-21,

suggesting that DNA-21 triggered the TCSDR. It was noted that a

band belonging to DNA-21 was observed in both Lane 5 and Lane

7 at the same height, proving DNA-21 was released and can trigger

the next strand displacement reaction. In Lane 8, a thick and broad

band was obtained at the height of H1, H2, H3 and H4 and almost

no new bands were observed in the absence of DNA-21, indicating

that H1, H2, H3 and H4 almost did not hybridize with each other.

With the addition of DNA-21, many obvious bright bands could be

Fig. 1. (A) 8% PAGE was used to characterize the assembly of programmed TCSDR

and HCR. From Lane 0 to Lane 9: 20 bp DNA ladder, H1, H2, H3, H4, DNA-

21, H1+H2, H1+H2+DNA-21, H1+H2+H3+H4, H1+H2+H3+H4+DNA-21. (B) Cyclic

voltammograms and (C) amperometric responses in TMB-H2O2 solution for the

electrochemical biosensor in different situations: (a) H1/Au, (b) H4-H3/H2/H1/Au

and (c) H4-H3/H2/miRNA-21/H1/Au.

found at the top of the lane and the bands of hairpins (H1, H2, H3

and H4) became lighter and even disappeared in Lane 9, suggest-

ing the added DNA-21 initiated the TCSDR and HCR and the prod-

uct of dsDNA was formed. Therefore, the images of PAGE suggested

the designed TCSDR and HCR worked well.

The feasibility of this electrochemical biosensor for miRNA-21

detection was verified by cyclic voltammetry (CV) and chronoam-

perometry (i-t) measurements. Two pairs of well-defined redox

peaks were observed at H1/Au, which was ascribed to the typi-

cal two-electron redox reaction of TMB in the presence of H2O2

(Fig. 1B). In the absence of miRNA-21, a few signal increase was

observed at H4-H3/H2/H1/Au. This signal increase might be as-

cribed to the nonspecific adsorption of HRP-labelled H3 and HRP-

labelled H4. Expectedly, an obvious signal increase was obtained at

H4-H3/H2/miRNA-21/H1/Au with the addition of miRNA-21, which
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Fig. 2. Electrochemical biosensors with different signal amplification strategies in

TMB-H2O2 solution for 100 amol/L miRNA-21 detection. (A) HRP-catalytic ampli-

fication, (B) TCSDR+HRP amplification, (C) HCR+HRP amplification and (D) triple

(TCSDR+HCR+HRP) signal amplification.

was ascribed to the occurrence of TCSDR, HCR and enzyme cat-

alytic reaction. The electrochemical signal of H4-H3/H2/miRNA-

21/H1/Au was almost 1.25 times that of H4-H3/H2/H1/Au, sug-

gesting that this designed electrochemical biosensor with multiple

signal amplification can qualitatively and quantitatively determine

miRNA-21. Chronoamperometry method was also used to charac-

terize the signal amplification process [31,32]. According to the

published works [33], we chose the detection potential at 150 mV.

Fig. 1C showed the amperometric response of H1/Au was about

31.51 ± 0.52 nA. In the absence of miRNA-21, H1/Au incubated

with H2, H3 and H4 led to a few signals increase (76.43 ± 0.91 nA),

which belonged to the attribution of nonspecific adsorption. With

the addition of miRNA-21, the formation of multiple signal amplifi-

cation strategy made the electrochemical signal increase up to 1.44

± 0.11 μA, which was about 44.44 times and 18.32 times higher

than that of H1/Au and H4-H3/H2/H1/Au, respectively. These ex-

perimental results showed that the designed triple signal ampli-

fication platform can efficiently enhance the electrochemical re-

sponse for miRNA-21 detection.

To prove the signal amplification effect of multiple amplifica-

tion strategy, three control groups were designed for miRNA-21

detection, including only HRP catalytic amplification, TCSDR cou-

pled with HRP (miRNA-21+H2+H3) and HCR coupled with HRP

(miRNA-21+H2′+H3+H4) signal amplification strategies. It was

noted that the H2′ is different from H2, which only hybridized

with miRNA-21 to form a classical sandwich structure and ini-

tiate the HCR. It can be clearly seen that the currents varia-

tion (�I= ImiRNA − Ino miRNA) of electrochemical biosensor for 100

amol/L miRNA-21 detection was 0.12 μA of HRP catalytic ampli-

fication (Fig. 2A), 0.31 μA of TCSDR+HRP amplification (Fig. 2B),

0.34 μA of HCR+HRP amplification (Fig. 2C) and 1.17 μA of triple

amplification, respectively (Fig. 2D). Obviously, the current varia-

tion of the designed biosensor for 100 amol/L miRNA-21 detec-

tion was about 9.75 times, 3.77 times and 3.44 times than that

of only HRP, TCSDR+HRP and HCR+HRP amplification strategy, re-

spectively, suggesting that the triple signal amplification has better

electrochemical response than single or double signal amplification

strategies.

TCSDR and HCR reaction times are important parameters to af-

fect the performance of this biosensor for miRNA-21 detection. As

Fig. 3. (A) Amperometric responses of the biosensor for the detection of miRNA-21

with different concentrations from 1 amol/L to 10 nmol/L. (B) The corresponding

amperometric signal vs. logarithmic plots of miRNA-21 concentrations. Inset: the

linear calibration curve ranging from 1 amol/L to 10 fmol/L. (C) Comparison of de-

tection performance of different signal amplification strategies. (D) The histogram

of selectivity testing results from single-base mismatch sequence (SM), random se-

quence (RD) and target miRNA-21 at the same concentration.

illustrated in Fig. S1A (Supporting information), the electrochemi-

cal currents of this biosensor increased with the increasing incuba-

tion time ranging from 0 to 60 min. The electrochemical response

reached a plateau when the incubation time was 60 min. There-

fore, the TCSDR time was chosen as 60 min. Similarly, 60 min was

selected as the optimal HCR reaction time (Fig. S1B in Supporting

information).

According to the successful construction of the triple ampli-

fication strategy, the analytical performance of this electrochem-

ical biosensor was investigated in H2O2-TMB solution. Fig. 3A

exhibited the amperometric responses of the biosensor for dif-

ferent concentrations of miRNA-21 detection. Obviously, the cur-

rents of this biosensor increased with the addition of 1 amol/L-

10 nmol/L miRNA-21. When the concentration of miRNA-21 was

from 1 amol/L-10 fmol/L, a linear calibration equation was ob-

tained as I=0.44 log(C/amol/L)+0.48 (R2 =0.99) with a detection

limit of 0.14 amol/L (S/N=3, Fig. 3B). To further prove the per-

formance of triple signal amplification, we compared the analyt-

ical performance of triple signal amplification strategy with dou-

ble signal amplification strategies for 1 amol/L-10 fmol/L miRNA-

21 detection (The linear equation and detection limit were listed

in Fig. S2, in Supporting information). Obviously, the biosensor

with triple amplification showed larger electrochemical signal and

lower detection limit than those of TCSDR-amplification and HCR-

amplification biosensors, respectively, suggesting that the excel-

lent contribution of triple signal amplification strategies in this

designed biosensor for miRNA-21 detection (Fig. 3C).The analyti-

cal performances of this biosensor were better than those of other

published multiple signal amplification works, which was listed in

Table S2 (Supporting information). The selectivity of this biosensor

was evaluated by comparing the electrochemical responses for the

detection of single-base mismatch (SM) miRNA, the random (RD)

miRNA and target miRNA-21. Fig. 3D showed the electrochemical

response of this biosensor for miRNA-21 detection is greatly larger

than those for SM and RD miRNA detection. It is almost 5.39 times

and 27.63 times higher than that for SM and RD miRNA detection,

respectively, indicating that this proposed biosensor has an excel-

lent selectivity.
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Fig. 4. (A) Schematic illustration of this biosensor for miRNA-21 detection in cell

lysates. (B) Amperometric responses of this biosensor in HeLa cell lysates. (C) The

corresponding currents of this biosensor for miRNA-21 detection in lysates of 105

L-O2 cells and different amount of HeLa cells. Inset: the statistical significance be-

tween 10 HeLa cells and blank (∗∗ P < 0.01).

The repeatability of the biosensor was investigated by using

eight independently fabricated electrodes for 100 pmol/L miRNA-

21 detections under the same conditions. The relative standard de-

viation (RSD) was calculated as about 5.49%, proving acceptable

repeatability of this biosensor (Fig. S3 in Supporting information).

The storage stability of this biosensor was studied by storing the

developed electrodes at 4 °C in the refrigerator. The electrochem-

ical response was tested every day. Experimental results showed

only 12.09% decrease in current after weekly storage, revealing

good storage stability of this biosensor (Fig. S4 in Supporting in-

formation).

On the basis of excellent analytical performance, this designed

biosensor was employed to determine miRNA-21 in cells lysates

(Fig. 4A). For comparison, cervical cancer cells (HeLa) cells with

high miRNA-21 expression and human normal hepatocytes (L-O2)

cells with low miRNA-21 expression were selected as analytical

models. As shown in Fig. 4B, the electrochemical current obviously

increased along with the increase of the number of HeLa cells, in-

dicating this biosensor can successfully detect miRNA-21 expres-

sion in HeLa cell lysate. The corresponding currents for miRNA-

21 detection in 105 HeLa cell lysates was 7.51 times that for 105

L-O2 cell lysates (Fig. 4C). Notably, the content of miRNA-21 in 100

HeLa cells lysates was higher than that of 105 L-O2 cells. More-

over, the current of this biosensor for miRNA-21 detection in 10

HeLa cells was larger than the background current, suggesting that

the electrochemical biosensor can effectively determine miRNA-21

in 10 HeLa cells at least. Quantitative reverse transcription poly-

merase chain reaction (qRT-PCR) was used to determine the to-

tal content of miRNA-21 in the lysates from L-O2 and HeLa. The

obtained results are similar to the performance of the proposed

electrochemical biosensor (Fig. S5 in Supporting information). All

results indicated that this biosensor has a potential application in

clinical diagnosis [18,34-38].

In summary, we developed an electrochemical biosensor for ul-

trasensitive detection of miRNA by coupling with TCSDR, HCR and

enzyme catalytic reaction. Due to the synergistic effect of the triple

signal amplification strategy, this designed biosensor exhibited an

ultrawide dynamic range (1 amol/L-10 nmol/L) and ultralow de-

tection limit (0.14 amol/L) for miRNA-21 detection with high se-

lectivity, reproducibility and stability. The excellent analytical per-

formance made this biosensor determine miRNA expression in 10

HeLa cell lysates, proving that this biosensor was of great potential

in clinical diagnosis and biochemical research.
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