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g r a p h i c a l a b s t r a c t
� An ultrasensitive electrochemical
biosensor for the detection of miRNA
is developed.

� Tetrahedral DNA modified AuNPs
tags are applied for signal
enhancement.

� The electrochemical method suc-
cessfully distinguishes target miRNA
from mismatched miRNAs.

� The electrochemical method per-
forms satisfactorily in clinical
samples.
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MicroRNAs (miRNAs) play key regulatory roles in a number of biological processes, which act as critical
biomarkers for clinical diagnosis. There are urgent needs to develop advanced tools for accurate and
convenient analysis of miRNA in biological circumstances. In this study, an ultrasensitive electrochemical
biosensor for miRNA assay is fabricated. Tetrahedral DNA modified gold nanoparticles tags are applied
with optimized orientation, which are able to recruit a large number of electrochemical species for
remarkable signal responses. Benefiting from the excellent amplification efficiency of the association of
strand displacement amplification and catalyzed hairpin assembly, the established method shows ul-
trahigh sensitivity with the limit of detection as low as 10 aM. Awide linear range from 10�17 to 10�7 M is
achieved. In addition, this method is capable to specifically discriminate interfering miRNAs with slightly
different sequences. The successful assessment of miRNA levels in human serum samples also demon-
strates good practical utility. Therefore, the proposed method has great potential to the applications of
miRNA expression profiling and biological studies.

© 2021 Elsevier B.V. All rights reserved.
dical Engineering and Tech-
, People’s Republic of China.
1. Introduction

MicroRNAs (miRNAs) are a type of small (approximately 18e25
nucleotides), noncoding endogenous RNAs [1,2]. They are post-
transcriptional regulators of gene expression through repressing
translation or mediating mRNA cleavage [3]. Accumulating
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evidences have indicated miRNAs play significant roles in many
important biological processes and their expression levels are
closely associated with the occurrence and development of certain
diseases [4e6]. For instance, miR-21 functions in cardiovascular
diseases andmany solid tumors [7,8]; miR-196b is overexpressed in
the case of pancreatic cancer [9]; miR-15b is able to promote the
progression of hepatocellular carcinomas [10]. Therefore, miRNA
expression profiles can not only be used as critical biomarkers for
disease diagnosis or screening, but also serve as powerful targets in
drug discovery [11]. Despite the high analysis value on clinical re-
searches, convenient and sensitive detection of miRNA is still
challenging unlike other RNAs (e.g., mRNA, tRNA, lncRNA). The
reason is that miRNAs possess certain intrinsic characteristics
including small size, low abundance, and high sequence homology
between family members [12,13].

Traditional analytical methods for RNA detection include
northern blotting, microarray and reverse transcription polymerase
chain reaction (RT-PCR) [14]. To date, a variety of techniques have
been applied such as mass spectrometry [15], surface enhanced
Raman scattering (SERS) [16], surface plasmon resonance (SPR)
[17], fluorescence [18], and electrochemistry [19]. To meet the re-
quirements raised by point-of-care diagnosis, more efforts should
be made in the aspects of eliminating the use of expensive equip-
ment, improving sensitivity, and so on. Isothermal amplification
techniques are used to amplify the signal of a recognition event at
constant temperature [20]. The experimental conditions are facile
and the requirements for precise and complex instrument can be
eliminated. A varieties of isothermal strategies have been devel-
oped, such as rolling circle amplification (RCA) [21], hybridization
chain reaction (HCR) [22], strand displacement amplification (SDA)
[23], catalytic hairpin assembly (CHA) [24], loop-mediated
isothermal amplification (LAMP) [25], and so on.

In the present study, we demonstrate an ultrasensitive elec-
trochemical method for the quantification of target miRNA based
on isothermal amplification by SDA and CHA. In addition, tetrahe-
dral DNA (TDNA), a typical three-dimensional DNA nanostructure,
is introduced and conjugated with gold nanoparticles (AuNPs) as
ideal scaffolds for reactions and amplified electrochemical tags.
AuNPs possess the merits of easy synthesis, high loading capacity
and excellent electric conductivity. The nanostructure of TDNA
shows mechanical rigidity and structural stability. By modifying
certain chemical substances, the orientation of TDNA on AuNPs is
optimized to achieve the best electrochemical response. Under
optimal conditions, the limit of detection for the analysis of miRNA
is as low as 10 aM. In addition, the strategy has been successfully
applied to analyze real biological samples with satisfactory results.

2. Experimental

2.1. Materials and instruments

Tris (2-carboxyethyl) phosphine (TCEP), mercaptohexanol
(MCH), diethypyrocarbonate (DEPC), hexaammineruthenium(III)
chloride ([Ru(NH3)6]3þ), and ethylenediaminetetraacetic acid
(EDTA) were ordered from Sigma (USA). Chloroauric acid (HAuCl4)
was obtained from Shanghai Jiushan Chemicals Co., Ltd. (Shanghai,
China). Klenow fragment polymerase, Nb.BbvCI nicking endonu-
clease (NEase), and deoxynucleotides (dNTPs) were purchased
from New England Biolabs (Beijing, China). All other chemicals
were of analytical grade without further purification. All oligonu-
cleotides were ordered from Takara Biotechnology Co., Ltd. (Dalian,
China). Their sequences and modifications were listed in Table S1.
Human serum samples were collected from local hospital (Suzhou,
China). qRT-PCR kit was ordered from Tiangen Biotech Co., Ltd.
(Beijing, China). Water used in this workwas purified by a Millipore
2

water purification system (18 MU cm), which was treated with
DEPC before use. Electrochemical measurements were performed
on a CHI 660D electrochemical workstation (CH Instruments,
China). Polyacrylamide gel image was taken by GelDoc XRþ System
(Bio-Rad, USA). qRT-PCR experiments were carried out on an ABI
7500 Real-Time PCR System (ABI Life Technologies, USA). UVevis
absorption spectra were recorded by a NanoDrop OneC spectro-
photometer (Thermo Scientific, USA).

2.2. Preparation of DNA tetrahedron modified AuNPs

AuNPs with smaller diameter possess larger specific area for
DNA modification. Considering the size of TDNA, AuNPs with the
diameter of 13 nmwere synthesized by citrate reduction of HAuCl4
according to a previous report [26]. Generally, 3.5 mL of trisodium
citratewith the concentration of 1% (w/v) was spiked into 100mL of
boiling HAuCl4 solution. The reaction was lasted for 15 min under
continued stirring. After that, the heat was removed and the solu-
tion was stirred for another 30 min. Then, the formed AuNPs were
purified by two cycles of centrifuging at 12000 rpm for 30 min.
Tetrahedral DNA (TDNA) was formed by the hybridization between
four single-stranded DNA probes (Probe Ta, Tb, Tc and Td). The four
probes with the concentrations of 12 mM were mixed in the buffer
solution (10 mM Tris-HCl, 10 mM TCEP, 50 mMMgCl2, pH 7.5). After
heating to 95 �C for 5 min, the solution was cooled down slowly.
50 mL of TDNA was blended with 50 mL of AuNPs (30 nM). The
mixture was transferred in the laboratory freezer at �20 �C. After
reaction for 2 h, TDNA capped AuNPs were thawed at room tem-
perature. Subsequently, the nanoconjugates were centrifuged at
12000 rpm for 30 min for purification.

2.3. Preparation of DNA modified electrode

The substrate working electrode (diameter: 2 mm) was firstly
incubated with piranha solution (Caution: highly corrosive) for
about 5 min. After rinsing carefully with pure water, the electrode
was polished using silicon carbide paper (P5000) and then alumina
powders (diameters: 1.0, 0.3, 0.05 mm), successively. Subsequently,
it was ultasonicated in ethanol and double-distilled water, each for
5 min. The electrode was then treated with nitric acid (50%) for
30 min before electrochemically cleaned in 0.5 M H2SO4. After that,
the electrode was rinsed again with pure water and incubated with
0.8 mM Probe C (10 mM Tris-HCl, 1 mM EDTA, 10 mM TCEP, 0.1 M
NaCl, pH 7.4) for 9 h, followed by further treatment with 1mMMCH
(0.5 h) so as to achieve a well-aligned DNA monolayer.

2.4. Strand displacement amplification and catalyzed hairpin
assembly

Standard target miRNA with a series of concentrations were
firstly prepared. Probe A with the concentration of 2 mM was pre-
pared in 20 mM Tris-acetate, 10 mM magnesium acetate, 50 mM
potassium acetate, 100 mg mL�1 BSA (pH 7.9). Target miRNA was
mixed with Probe A. In addition, 100 mM dNTPs, 0.3 unit mL�1

Nb.BbvCI and 0.06 unit mL�1 Klenow fragment polymerase were
added. SDA reactionwas carried out at 30 �C for 60 min, which was
then terminated by heating to 85 �C for 20 min. Probe C modified
electrode was immersed in the above solution for 30 min. After
carefully rinsing with pure water, the electrode was further treated
with TDNA modified AuNPs for 120 min.

2.5. Electrochemical measurements

A three-electrode systemwas used in this work, which consisted
of a saturated calomel reference electrode, a platinumwire counter
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electrode and the gold working electrode. Cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) were carried
out using the electrolyte of 5 mM [Fe(CN)6]3-/4- solution containing
1 M KNO3. The parameters were as follows. For CV, the scan range
was fromþ0.7 V to 0 V and the scan rate was 50mV s�1; for EIS, the
biasing potential was 0.205 V, the amplitude was 5 mV and the
frequency range was from 0.1 Hz to 100 kHz. Chronocoulometry
(CC) was performed in the electrolyte of 10 mM TriseHCl solutions
(pH 7.4) containing 50 mM [Ru(NH3)6]3þ. The pulse period was
250 ms.
3. Results and discussion

3.1. Biosensing principle

Detailed working mechanism of this biosensor with multiple
signal amplifications is illustrated in Scheme 1. Generally, SDA is
firstly employed to amplify miRNA information. Probe A as the
template hybridizes with target miRNA partially. After the cycles of
extension, nicking digestion and displacement reactions, a number
of Probe B are produced as the trigger of CHA, the second signal
amplification procedure. Probe C, as one hairpin of CHA, is modified
on the electrode surface via gold-sulfur chemistry. Another hairpin
is designed on a stable TDNA nanostructure (hybridized by Probe
Ta, Tb, Tc and Td) [27]. The successful synthesis of TDNA is
confirmed by polyacrylamide gel electrophoresis. After the hy-
bridization of the complementary sequences, three-dimensional
DNA nanostructures with larger molecule weights are formed
(Fig. S1). TDNA is then attached on the surface of AuNPs. The
linkage relies on the thiol group modified on the vertex of TDNA
(Probe Ta). Since [Ru(NH3)6]3þ can be electrostatically bound to the
phosphate backbone of DNA, the three-dimensional scaffold shows
much greater capability to enrich [Ru(NH3)6]3þ, which benefits the
enhancement of electrochemical response. In the presence of pro-
duced Probe B, CHA reaction occurs by subsequently opening the
Scheme 1. Illustration of the electrochemical biosensor for miRNA assay b
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hairpin structures of Probe C and Probe Tb. Probe B is displaced and
recycled in more CHA reactions. Finally, a large number of TDNA
modified AuNPs can be localized on the surface of electrode to
capture [Ru(NH3)6]3þ, which provide significant electrochemical
signal (CC) to probe target miRNA [28].
3.2. Electrochemical characterization

Electrochemical properties of the modified electrode during
different reaction stages are investigated by CV, EIS and CC,
respectively. As shown in Fig. 1A, pairs of well-defined current
peaks are displayed. After the incubation of TDNA modified AuNP
directly, the intensities of the peaks decrease slightly, which are
due to non-specific adsorption. Similarly, the direct incubations
with Probe A or SDA product cannot lead to significant decrease of
current peaks. However, after miRNA initiated SDA and CHA, TDNA
modified AuNPs can be immobilized. The enrichment of DNA on the
electrode results in remarkable decrease of current peaks. EIS re-
sults are consistent with CV results. As shown in Fig. 1B, with the
complete procedures of SDA and CHA, a large number of DNA
molecules are immobilized, which repels [Fe(CN)6]3-/4- signifi-
cantly, leading to a larger semicircle domain of nyquist plot [29].
[Ru(NH3)6]3þ is another electrochemical species for qualitative and
quantitative analysis. The measurement of [Ru(NH3)6]3þ response
relies on CC. The redox charge (Q) can be calculated from the
chronocoulometric intercept at t ¼ 0. Thus higher curves of CC
indicate larger Q values. After comparison, Q values after inde-
pendent incubations of AuNPs, Probe A or SDA product are rela-
tively low, demonstrating insufficient immobilization of DNA
molecules to adsorb [Ru(NH3)6]3þ (Fig. 1C).

We have then studied the effect of orientation of TDNA on
AuNPs. Probe Tc* and Td* labeled with thiols are employed, thus
the constructed TDNA possesses three thiolated vertexes. Via gold-
sulfur chemistry, this specific TDNA (termed bTDNA) interacts with
AuNPs based on the bottomed three vertexes. Instead, the
ased on TDNA modified AuNPs tags and catalyzed hairpin assembly.



Fig. 1. (A) Cyclic voltammograms, (B) nyquist diagrams and (C) chronocoulometry diagrams of Probe C modified electrode, after incubation with TDNA modified AuNPs, after
incubation with Probe A for SDA in the absence and presence of miRNA, after further incubation with AuNPs. (D) Chronocoulometry curves for the detection of miRNA using AuNPs
modified with bTDNA and vTDNA, respectively.
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orientation of TDNA (Probe Ta, Tb, Tc and Td) is different, in which
only one thiolated vertex is utilized to link TDNA and AuNPs. Thus it
is termed vTDNA. DNA density around AuNPs is supposed to be
much larger for vTDNA than bTDNA. As expected, in the UVevis
absorption spectra, vTDNA modified AuNPs shows a larger peak
around 260 nm (Fig. S2). Therefore, after immobilized on electrode,
vTDNA modified AuNPs are able to recruit more [Ru(NH3)6]3þ for
signal output. As shown in Fig. 1D, the CC curve for vTDNAmodified
AuNPs indeed appears higher than that of bTDNA modified AuNPs.
Q values are calculated to be 0.68 and 0.42C respectively, indicating
that orientation of vTDNA benefits higher electrochemical
response.
3.3. Experimental optimizations and electrochemical quantification
of miRNA

To reach optimal analytical performance of this electrochemical
biosensor, the concentration of Probe C for electrode modification,
the times of SDA and CHA reactions are separately optimized. Rct
value can reflect the modification degree of DNA layer on the
electrode interface. Therefore, we have monitored EIS results of the
electrode modified with different concentrations of DNA (Fig. S3).
With the increase of Probe C from 0.2 to 0.8 mM, more DNA mole-
cules are immobilized and the Rct becomes steady around 2600 U.
Therefore, 0.8 mM is used for the following experiments. Usually,
longer reaction time is able to produce larger signal output. We
have then checked the redox charge of [Ru(NH3)6]3þ (Q) in CC
curves with different reaction times of SDA and CHA. As longer
times of reactions, Q values increase and reach corresponding
4

plateaus (Fig. S4). Accordingly, we have chosen 60 min (SDA) and
120 min (CHA) for the following experiments, respectively.

Under these optimum conditions, electrochemical responses of
vTDNAmodified AuNPs tags immobilized on electrode triggered by
different concentrations of miRNA are recorded to evaluate the
sensing performances. As expected, CC curve becomes higher with
the incremental concentration of miR-21 (Fig. 2A), and the redox
charge of [Ru(NH3)6]3þ (Q) shows a positive correlation with the
logarithmic concentration of miRNA (Fig. 2B). The linear range is
from 10�17 to 10�7 M, which is quite wide. The equation is as
follows:

y ¼ 0.922 þ 0.043 x (n ¼ 3, R2 ¼ 0.997)

in which, y strands for the Q value and x is the logarithmic
concentration of miRNA. The limit of detection is evaluated to be 10
aM at a signal-to-noise ratio (S/N) of 3, which is better or at least
comparable with recently developed methods for the detection of
miRNA (Table 1).
3.4. Selectivity investigation and serum assay

The characteristic of high sequence homology between family
members raises strict requirement for selective analysis of miRNA.
We have firstly prepared mismatched miRNAs with 100 folds
concentration to that of target miR-21. Then, these miRNAs are
detected by the proposed electrochemical method without and
with the spiking of target miR-21. Electrochemical responses are
measured. As shown in Fig. 3, in the absence of miR-21, these



Fig. 2. (A) Chronocoulometry curves for the detection of miRNA with the concentrations of 0, 10�17, 10�16, 10�15, 10�14, 10�13, 10�12, 10�11, 10�10, 10�9, 10�8, 10�7, 10�6 M. Inset is the
chronocoulometry curves of charge versus time1/2. (B) Calibration plot for miRNA concentration determinations. Inset shows the linear range.

Table 1
Comparison of the analytical performances of recent miRNA assays.

Technique Strategy Detection range (M) LOD (M) Ref

fluorescence competitive hybridization resulted quenching 3.8 � 10�12 to 10�8 3.8 � 10�12 [30]
SWV polydopamine-Au composite 10�12 to 10�8 2.6 � 10�13 [31]
CC Au-loaded nanoporous superparamagnetic nanocubes 10�13 to 10�6 10�13 [32]
SWV hairpin self-assembly recycling reaction 2 � 10�15 to 5 � 10�10 1.6 � 10�15 [33]
SPR catalytic growth of AuNPs 8 � 10�16 to 2 � 10�12 8 � 10�16 [34]
DPV Pd@UiO-66 and CHA 2 � 10�14 to 6 � 10�10 7.13 � 10�16 [35]
DLS rolling circle amplification and AuNPs aggregation 10�15 to 10�8 1.1 � 10�16 [36]
EIS polyoxometalate-derived MoS2 nanosheets 10�15 to 5 � 10�9 1.1 � 10�16 [37]
ECL multinary ZneAgeIneS/ZnS nanocrystals 10�16 to 2 � 10�11 5 � 10�17 [38]
ECL/SWV DSN and CHA 10�16 to 10�10 ~3 � 10�17 [39]
CC TDNA-AuNPs tags and CHA 10�17 to 10�7 10�17 this work

Fig. 3. Selectivity investigation for the analysis of different miRNA (miR-21: 1 pM,
mismatched miRNAs: 100 pM).
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mismatched miRNAs cannot effectively initiate SDA and subse-
quently CHA for the immobilization of tags. Therefore, the Q values
are comparable with blank case. However, after adding target miR-
21, although its concentration is only one percent of mismatched
ones, remarkable Q values are obtained which are close to the
corresponding value in the standard curve. These results demon-
strate that mismatched miRNAs display negligible effects on the CC
response towards target miRNA and high selectivity is promised. To
validate the utility of this method for real sample analysis, standard
additionmethod is applied using clinical human serum samples.10,
5

100, and 1000 pM standard miR-21 are spiked in the samples
before measurements. As shown in Table 2, the relative standard
errors are below 6% and the recovery rate is from 99.7% to 114.0%.
The satisfactory results suggest acceptable analysis capability of
this method for biological samples. In addition, we have carried out
standard qRT-PCR method to further check the accuracy of the
electrochemical method. After comparison in Table 2, the results
obtained by the two methods show excellent consistency. There-
fore, the proposed work may have great practical utility for clinical
analysis.
4. Conclusions

In summary, this work presents an electrochemical system for
the detection of miRNA using TDNA modified AuNPs tags for the
enhancement of electrochemical responses. SDA and CHA is
smartly conjugated. The product of previous process is responsible
for the recruitment of electrochemical tags on the surface of the
electrode through recycled CHA. Compared with some previous
strategies, this design not only integrates two recycling reactions
without additional fuel strands, but also automatically locate
multiple signal enhancers (tags) for output. Therefore, significantly
improved analytical performances can be achieved. The recorded
electrochemical signal is positively correlated with miRNA con-
centration. Due to the association of the signal amplification ele-
ments, the biosensor shows a low LOD of 10 aM. It also displays
some apparent merits including high selectivity, good stability
feasible operation and so on. The detection system eliminates the
interference of complex components and performs satisfactorily in
real samples. Therefore, it is anticipated that this method shows
promising application prospects in biological researches and clin-
ical diagnosis.



Table 2
Comparison of the detection results of human serum samples with the standard qRT-PCR measurements.

Sample Spiked (pM) Detected (pM) qRT-PCR (pM) Recovery (%) Relative error (%)

1 1000 996.5 1003.8 99.7 4.5
100 102.8 105.6 102.8 5.2
10 11.4 12.5 114.0 3.7

2 1000 1005.7 1007.2 100.6 2.4
100 103.8 97.3 103.8 5.6
10 10.9 11.3 109.0 4.8
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