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Selective and sensitive detection of microRNA is crucial for early diagnosis and pathogenesis of disease. Here, we
established a novel electrochemical biosensor for simple and accurate analysis of the tumor biomarker
microRNA-141, which was based on in-situ catalytic hairpin assembly (CHA) actuated DNA tetrahedral (DTN)
interfacial probes. Two hairpin structures used for CHA reaction were placed on the DTN, in which the hairpin
H1 on the one vertex of DTN and hairpin H2 embedded in adjacent edge, respective. The target microRNA-141
could open the hairpin H1 and activated the in-situ CHA reaction between H1 and H2 to alter the conformational
of DTN, increasing the chances of the direct interaction between methylene blue (MB) and the electrode surface,
leading to an increase in the electrochemical signal. Meanwhile, the released miRNA-141 could unfold another
H1, enabling the enzyme-free recycling of the target to obtain amplified electrochemical signals. Moreover, the
in-situ catalytic hairpin assembly reaction on DTN could shorten the reaction time and enhance the sensitivity.
The established biosensor exhibited a wide linear dynamic range of miRNA-141 from 1 fM to 100 pM with a
detection limit of 0.32 fM. Besides, the approach can discriminate the target miRNA from mismatched ones with
excellent selectivity and can be successfully applied in diluted serum samples, holding great potential for sen-
sitive detection of various biomarkers clinically.

amplifications from different cancer cell lysates. Zhang et al. [15] have
demonstrated an electrochemical miRNA biosensing platform using a
novel bipedal 2D DNA nanoprobe, which can be used to monitor the

1. Introduction

MicroRNAs (miRNAs) are reported as reliable disease biomarkers for

early diagnosis and prognosis of cancers [1-3]. Accurate and sensitive
detection of miRNA is particularly desirable to promote the develop-
ment of diagnosis, prognosis, and therapeutic interventions. However,
some crucial issues in miRNAs detection, such as the trace amount, small
size and high sequence similarity of miRNA, create problems for miRNA
detection. In order to overcoming these difficulty, many sensitive
techniques such as fluorescence [4,5], surface plasmon resonance [6-8],
electrochemiluminescence [9] and electrochemical DNA sensors
[10-15] have been widely utilized. Among these new approaches,
electrochemical DNA sensors have garnered considerable attention
owing to cost-effectiveness, rapidness and miniaturization. For example,
Yang et al. [14] developed an electrochemical sensor for miRNAs
detection based on duplex-specific nuclease-assisted target recycling
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different expression of miRNA-21 in MCF-7 cells and HeLa cells.
Although acceptable detection sensitivity and specificity were achieved,
some inescapable problem also exists, i.e., the unmanageable density
and orientation of linear DNA probes on the electrode surface, the
requirement of nucleases and signal attenuation strategy. These prob-
lems may unavoidably impairs the analytical performance of the elec-
tronic DNA sensors [16,17].

Recently, DNA tetrahedral nanostructure (DTN) based electro-
chemical platforms have received increased attention with the advan-
tages of simple synthesis, excellent mechanical rigidity and structural
stability [18-20]. For example, Fan et al. designed a DTN-based elec-
trochemical platform [21,22]. In their design, a capture probe was
modified on a DTN at one vertex with three thiol groups at other
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vertices, and the DTN was highly ordered and assembled on electrode
surfaces, which greatly improves the stability and sensitivity of the
electrochemical biosensors. Nevertheless, some inescapable issues still
remain to be addressed for DTN based electrochemical platforms. First,
the capture probe of many previously reported DTN-based electro-
chemical methods was designed at the top vertex of DTN, where the
distance between the signal molecules blocked by the DTN structure and
electrode surface was not close to each other, which influenced the
signal output [23]. Second, traditional electrochemical sensors are
one-step detection methods without signal-amplification strategies [24],
the low detection sensitivity limited further applications. Therefore,
establishment of a novel DTN electrochemical probes, which could make
signal molecules close to the electrode surface with fantastic amplifi-
cation efficiency, is highly desirable.

Here, inspired by this demand, we established a novel DNA tetra-
hedral interfacial probes drived by in-situ catalytic hairpin assembly
(CHA) for electrochemical “single on” detection of the tumor biomarker
microRNA-141. As an enzyme-free signal amplification approach, CHA
could initiate two elaborately designed hairpin DNA to form double
strands by toehold-mediated chain replacement mechanism in the pre-
sent target sequence, which allowing highly sensitive and selective
detection of target [25,26]. In our design, the two hairpin structures
(methylene blue (MB)-labeled hairpin H1 and hairpin H2) used for CHA
reaction were integrated into the one edge and one vertex of the DTN,
respectively. In the present of target miRNA, the target could trigger the
CHA reaction between the H1 and H2 to form H1/H2 complexes, which
will alter the conformational of DTN, increasing the chances of the direct
interaction between MB and the electrode surface, thereby accelerating
electron transfer, and leading to an amplified electrochemical “sin-
gle-on” detection of target. Moreover, the in-situ catalytic hairpin as-
sembly reaction by reducing the distance between two reactive hairpin
probes on DTN could shorten the reaction time and enhance the sensi-
tivity [27]. Overall, this approach can provide a novel platform for
simple, specific, sensitive, and accurate analysis of miRNA in the early
stage of cancer.

2. Experimental section
2.1. Reagents and materials

All miRNA and DNA sequences were synthesized from Sangon
Biotechnology Company, Ltd. (Table S1). Tris (2-carboxyethy) phos-
phine hydrochloride (TCEP) and 6-Mercaptohexanol (MCH) were pur-
chased from Sigma (St. Louis, MO, USA). All solutions were prepared
with ultrapure water (Milli-Q, 18 MQ cm resistivity at 25 °C, Merck
Millipore) without further purification.

2.2. Non-denaturing polyacrylamide gel electrophoresis (PAGE)

Samples were prepared with DNA-loading buffer (5:1, v/v), and then
examined by PAGE in 1 x TBE buffer at 100 V for 60 min with a Bio-Rad
imaging system (Hercules, CA), where a 16% polyacrylamide gel were
freshly prepared.

2.3. Construction of the biosensor

DTNs were constructed with four single-stranded DNA (S1, S2, S3
and S4) according to previous reports [28]. In brief, equimolar amounts
of four strands were mixed with TM buffer (20 mM Tris-HCl and 50 mM
MgCl,, pH 8.0), and heated to 95 °C for 5 min and then rapidly cooled to
4 °C to form a stable DTN probe (1 pM). Au electrode was cleaned
following the reported protocol.

Prior to the immobilization step, the DTN probe was mixed with
TCEP (1 mM) for 1 h to prevent the formation of disulfide bond. Then,
the DTN probe was diluted to 0.1 pM with Tris-HCl buffer (20 mM Tris-
HC], 0.2 M NaCl and 5 mM MgCly, pH 7.4). The 5 pL of DTN probe (0.1
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pM) was pipetted on the surface of cleaned AuE and incubated for 2 h to
obtain DTN/AuE. The DTN/AuE were subsequently immersed in 2 mM
MCH solution to remove the nonspecific DNA adsorption. Afterwards,
the probes were washed with PBS buffer and dried with nitrogen, and 5
pL of H1 (1 pM) was dropped onto the DTN/MCH/AUE surface and
incubated at 37 °C for 2 h.

2.4. miRNA-141 detection

Five microliters of Tris-HCI buffer with different concentrations of
miRNA-141 was applied to the H1/DTN/MCH/AuE. After 90 min of
incubation at 37 °C, the H1/DTN/MCH/AuE was rinsed to ensure
readiness for the electrochemical measurements.

2.5. Electrochemical measurements

Electrochemical measurements were carried out with a CHI 660D
workstation (CH Instruments Inc., Shanghai, China) using a conven-
tional three-electrode configuration consisting of the platinum wire
auxiliary electrode, the Ag/AgCl reference electrode and the working
AuE (2 mm in diameter). Square wave voltammetry (SWV) was per-
formed in PBS (10 mM) with a step potential of 4 mV, a frequency of 25
Hz, and an amplitude of 25 mV. The electrochemical impedance spec-
troscopy (EIS) experiments were conducted with 20 mM [Fe(CN)6]3’/ 4=
containing 1 M KCl with a frequency ranging from 1 to 10° Hz and
amplitude set at 5 mV.

3. Results and discussion
3.1. Working principle of the biosensor

The working principle of the DTN interfacial probes driven by in-situ
CHA was illustrated in Scheme 1. Four single-stranded DNA were first
annealed to form a DTN, which acts as the scaffold to form highly or-
dered orientation as well as spatial isolation. The formed DTN was
embedded with a stem-loop hairpin structure (H2) at one of the edges
and a capture sequence at the top vertex. Then, the H1 labeled MB can
attach to the DTN by the hybridization with capture sequence. Inge-
niously, H1 and H2 are designed as fuel chains for CHA reaction, which
could be integrated into the nanostructures without sacrificing their
functions. The DTN probes with three thiol-modified vertices were
immobilized on the surface of AuE via Au-S bond interaction. Without
target, H1 would not interact with H2, the signal molecule MB was
separated from the electrode surface because of the strong steric hin-
drance effect of DNA nanostructures, resulting in a weak MB redox
current. Whereas, when the target miRNA existed, it would open H1 and
then triggered the CHA between H1 and H2 to pull down the strand of
H1, enhancing the possibility of direct collision between MB and the
electrode surface and accelerating electron transfer. Meanwhile, the
target miRNA was released to unfold another H1. As a result, the recy-
cling target could lead to amplified electrochemical signals.

3.2. Verification of DNA assembly amplification

To verify the successful formation of DTN structure after annealing,
agarose gel electrophoresis (AGE) and atomic force microscopy (AFM)
was performed. As shown in Fig. 1a, lanes 1-4 represent the single-
stranded DNA S1, S2, S3 and S4, respectively. The molecular migra-
tion rates of DNA combinations formed by two or three strands were in
accordance with their molecular weights (lanes 5-14). The band of
complete DTN (lane 15) migrated slower than any other combinations
due to its increased mass and spatial complexity. AFM images showed a
monodisperse cone-shaped DNA tetrahedron structure (Fig. S1). Then,
polyacrylamide gel electrophoresis was further employed to confirm
CHA amplification strategy. As shown in Fig. 1b, lanes 1 to 4 represented
the target miRNA-141, H1 and S1’ (the hairpin sequence of H2), and
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Scheme 1. Scheme of the electrochemical biosensor for miRNA detection based on in-situ CHA actuated DTN interfacial probes.
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Fig. 1. (a) Analysis of DTN by agarose gel. Blue, red, brown, and green triangles represent S1, S2, S3, and S4, respectively; (b) Polyacrylamide gel electrophoresis
analysis of CHA reaction. Lane 1: miRNA-141, lane 2: H1, lane 3: S1°, lane 4: miRNA-141+ H1, lane 5:H1+ S1°, lane 6: miRNA-141+H1+S1’. The concentrations of
DNA strands are 1 pM. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

miRNA-141+ H1, respectively. Without the miRNA-141, two obvious
bands of DNA monomers could be observed in the mixture of H1 and S1’
(lane 5). Conversely, a new band with decreased mobility appeared
upon the addition of miRNA-141 (lane 6), indicating the feasibility of
CHA. The relative distance among probes before and after the microRNA
hybridization was characterized using theoretical calculation analysis.
As shown in Fig. S2, before the hybridization with miRNA, the relative
distance between the MB and electrode surface was 8.91 nm. After the
miRNA hybridization, the MB is close to the surface, the relative dis-
tance was close to 0 nm. Taken together, these results solidly confirmed
the feasibility of the designed in-situ CHA actuated DTN interfacial
probes for the amplification detection of target.

3.3. Characterization of the biosensor

The DNA assembled on electrode was characterized by EIS mea-
surement in KCI (1 M) solution containing 20 mM [Fe (CN)6]3'/ 4 In

Fig. 2, the bare AuE showed a very narrow semicircle (curve a),
reflecting its excellent electrical conductivity. Subsequently, when the
DTN probes were incubated with the AuE and followed by MCH
passivation, the Rct (curves b and c) increased due to the repulsion of the
negatively charged DNA and [Fe (CN)s]3~/4". After assembly of the H1
on the DTN/MCH electrode, an even larger redox current was observed,
suggesting that the H1 were successfully immobilized on electrode
surface. Upon the addition of the target miRNA-141, the Rct further
increased (curve e), demonstrating that the CHA reaction triggered by
miRNA-141 could change the configuration of DTN and the enhanced
steric hindrance suppressed the electron transfer of [Fe (CN)(,]S'/ 4 The
above results confirmed the developed electrochemical biosensor was
successfully constructed.

3.4. Feasibility of the biosensor

To confirm the feasibility of the electrochemical assay for miRNA-
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Fig. 2. Characterization of the biosensor with stepwise fabrication based on
EIS. (a) bare AuE, (b) DTN/AuE, (¢) DTN/MCH/AuE, (D)H1/DTN/MCH/AUE,
(E) miRNA-141/H1/DTN/MCH/AUE.

141, SWV measurements were performed on H1/DTN/MCH/AuE. As
shown in Fig. 3, when H1/DTN/MCH/AuE was measured with SWV, a
weak SWV current response could be observed (curve a), indicating that
the signal molecule MB was isolated from the electrode surface, which
was attributed to the fact that the large and rigid DNA nanostructures
could lead to the strong steric hindrance effect. Once the target miRNA-
141 was introduced into the H1/DTN/MCH/AuE, the SWV current
response sharply increased (curve b), revealing that miRNA-141 trig-
gered the in-situ CHA process between H1 and H2 to alter the confor-
mational change of DTN, improving the chance of direct interaction
between MB and the electrode surface and accelerating electron transfer
to obtain amplified electrochemical signals. These results clearly sug-
gested the feasibility of our strategy for miRNA detection.

3.5. Optimization of the experimental conditions

For better performance, experimental conditions including the con-
centrations of the DTN probe and the CHA reaction times were opti-
mized. In Fig. 4a, the SWV currents enhanced with the DTN
concentrations increasing from 0.02 pM to 0.1 puM, and then gradually
declined with further increasing of the concentrations of DTN.
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Fig. 3. Feasibility of the biosensor based on SWV. (a) without and (b) with the
target miRNA-141.

Talanta 233 (2021) 122600

Accordingly, 0.1 pM DTN was chosen for subsequent experiments. The
influence of CHA reaction time was also investigated. As shown in
Fig. 4b, the SWV currents enhanced progressively with the CHA reaction
times elevating from 10 to 90 min and reached a plateau after 90 min. As
a result, 90 min was chosen for the following experiments.

3.6. Analytical performance of the biosensor

After optimizing the experimental conditions, the performance of the
biosensor for detecting different concentrations of the target miRNA-
141 was evaluated. As shown in Fig. 5a, the SWV current response
increased accordingly with the growing concentration of miRNA-141,
and a linear relationship was established between the logarithm of the
concentration of miRNA-141, and the SWV current response in the range
of 1 fM to 100 pM with the equation of i (nA) = 994.2 + 64.08 lgc (M),
where R? = 0.9937. And the limit of detection (LOD) was calculated to
be 0.32 fM (LOD = 30/S, 6 = standard deviation of the blank probe
values, S = slope of the calibration curve). Compared with those pre-
viously reported methods, the proposed assay exhibited comparable
detection performance (Table S2) [29-33].

3.7. Specificity of the biosensor

To explore the specificity of the developed biosensor, a series of
commonly coexisting miRNAs including miRNA-155, let-7a miRNA,
miRNA-21, miRNA-141 with single base mismatch and three bases
mismatches were selected as interfering factors. As shown in Fig. 6, the
SWV responses were negligible for interfering miRNA, while the SWV
responses of miRNA-141 increased significantly even with a 10-fold
lower concentration (100 pM). Moreover, the SWV response of the
mixture containing these interfering miRNAs and miRNA-141 (100 pM)
was almost similar to that of miRNA-141. Overall, these results
demonstrated that the proposed biosensor retained high selectivity.

3.8. Applications of the biosensor in human serum

To further testify the practicality of the proposed biosensor, the
target miRNA-141 in human serum samples were determined by the
proposed strategy. Recovery rates were calculated by the standard
addition method. In Table 1, the recovery rates ranged from 98.4% to
103% with RSD <5.68%, suggesting that the prepared sensor was
promising for practical applications in biomedical research and clinic
analysis.

4. Conclusions

In summary, an electrochemical biosensor was successfully con-
structed for ultrasensitive detection of miRNA-141 by using the in-situ
CHA reaction actuated DTN interfacial probes. The target miRNA-141
triggered the in-situ CHA reaction on DNA tetrahedral scaffold to alter
the conformation of DTN, improving the chance of direct interaction
between MB and the electrode surface and accelerating electron transfer
for highly sensitive single-on analysis of miRNA. The developed
biosensor exhibited desirable sensitivity and specificity for miRNA-141
detection, with a low LOD with 0.32 fM. In addition, this approach was
applied for the evaluation of miRNA in serum samples with satisfied
results. With these features, the proposed method can be potentially
applied for early diagnosis of diseases and biomedical research.
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Fig. 4. (a) Effects of DTN concentration on SWV response; (b) Effects of CHA reaction time on SWV response. Error bars, SD, n = 3.
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The linear relationship between the corresponding SWV responses and the logarithm of miRNA-141 concentrations. Error bars, SD, n = 3.
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Fig. 6. Specificity of the electrochemical biosensor was analyzed with a blank
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matched miRNA-141, 100 pM miRNA-155, 100 pM let-7a, 100 pM miRNA-21,
10 pM miRNA-141, and a mixture of all mentioned miRNAs. Error bars, SD, n
=3.
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