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A B S T R A C T

Nucleic acid nanoswitches have a status that cannot be ignored in the field of biosensing due to the excellent
biocompatibility and flexibility of design. In our current research, we have constructed a new electrochemical
platform based on self-assembled pH-sensitive continuous circular DNA nanoswitch for miRNA-21 detection. We
elaborately designed an inside ring probe (IRP) which could form a circle when complemented with an outside
ring probe (ORP). Under the weakly acidic condition, IRPs and ORPs are self-assembled into continuous annular
DNA, meanwhile, the nanoswitch is activated. However, if it is not a weakly acidic environment with a pH equal
to 6, these circles are separated and the nanoswitch cannot be triggered. Therefore, the biosensor doesn’t work.
Only when the pH is 6, can the nanoswitch be activated. Consequently, a large number of RuHex will accumulate
on the continuous annular DNA, which leads to highly sensitive detection of miRNA-21, with concentration
ranged from 10–15 to 10-8 M and limit of detection down to 0.84 fM. More importantly, this nanoswitch-based
biosensor can directly detect the target microRNA in human serum without pretreatment. Therefore, the pro-
posed novel electrochemical DNA nanoswitch will have broad application prospects in biomarker detection and
clinical diagnosis.

1. Introduction

Nucleic acid nanoswitches are nucleic acid motifs that change be-
tween two (or more) conformations (usually “off” and “on”) in response
to a particular chemical or environmental input, depending on non-
canonical DNA interaction (Desrosiers and Vallée-Bélisle, 2017;
Iacovelli et al., 2017). Nucleic acid nanoswitches, based on DNA motifs
such as aptamers, G-quadruplex and triplex-forming oligonucleotides
(TFOs), are widely applied to biosensing (Lin et al., 2015; Xu et al.,
2018; Zhao et al., 2013) and nanomedicine (Huang et al., 2016; Raftery
et al., 2016; Smith et al., 2013). Among these DNA motifs, the TFOs
display strong pH dependence. The structure of TFOs can reversibly
fold/unfold by switching pH from acid to neutral. The formation of
triplex DNA is based on the simple rule of Hoogsteen and Watson-Crick
base pairings, which contains base triplets C-G•C+ and T-A•T (Idili
et al., 2014; Liao and Willner, 2017). The protonation of the N3 of
cytosine in the third strand requires an acid environment, while T-A•T
structure needs a neutral condition (Wang et al., 2017). The unique
properties of triple helix DNA make it ideal for the construction of pH-
regulated nanoswitches. It has been demonstrated that slightly acidic

pH is the optimum condition, in order to form a stable triplet DNA
segment with an equal content of CGC vs. TAT (Xiong et al., 2017).

MicroRNA (miRNA) is a kind of small endogenous non-coding RNA
consisting of approximately 22–25 nucleotides. MicroRNA can nega-
tively regulate gene expression via translation inhibition, mRNA de-
gradation and protein synthesis repression (Bartel, 2014; Lim et al.,
2016; Liu et al., 2017; Zhou et al., 2016). So, the aberrant levels of
miRNAs will influence various biological processes such as allergic
diseases (Lu and Rothenberg, 2017), hematopoietic differentiation (Yin
et al., 2012), cardiovascular diseases (Xu et al., 2012) and cancer (Sheu
et al., 2010). The relationship between miRNA and tumor has been
extensively studied. It has been reported that some miRNAs remarkably
up-regulated in cervical cancer (Zaman et al., 2016), colon cancer
(Hansen et al., 2014), non-small cell lung cancer (Wang et al., 2011),
hidradenitis suppurativa (Hessam et al., 2017) and breast cancer (Qian
et al., 2016). Therefore, miRNAs are increasingly becoming potential
tumor markers for the diagnosis and prognostic of clinical diseases. It is
increasingly urgent to find a rapid, sensitive and reliable method for
detecting miRNAs.

Substantial research efforts have been performed about the highly
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sensitive detection of miRNA expression, including microarray-based
techniques (Lee and Jung, 2011; Li et al., 2014; Tian et al., 2015),
fluorescence (Le and Seo, 2018; Wei et al., 2017), Northern blotting
(Jin et al., 2016; Válóczi et al., 2004; Várallyay et al., 2008) and
quantitative reverse transcription polymerase chain reaction (qRT-PCR)
(Hu et al., 2017; Jung et al., 2016; Kulcheski et al., 2010). Despite their
novelty and high sensitivity, these methods have certain practical
drawbacks, such as poor reproducibility, time-consuming, high cost and
requirements for professional experimental skills. Recently, electro-
chemical detection methods have attracted widespread attention and
been widely used in the detection of various biomarkers, due to their
intrinsic low detection limit, high specificity and convenience. For in-
stance, electrochemical methods have been used to detect adenosine
triphosphate (Liu et al., 2014), microRNA (Chen et al., 2012; Yu et al.,
2018), DNA (Chen et al., 2011; Fang et al., 2018; Xu et al., 2013) and
tumor exosomes (Zhang et al., 2018).

Inspired by the above research, herein, we report a novel method for
ultrasensitive electrochemical detection miRNA based on self-as-
sembled pH-sensitive continuous circular DNA nanoswitch. In this
study, we designed two probes for self-assembly, outside ring probe
(ORP) and inside ring probe (IRP). Under the suitable pH condition,
IRPs and ORPs can self-assemble into many DNA rings connected by
TFOs. Therefore, a stable continuous annular DNA structure was formed
and the nanoswitch was activated. We used electroactive
Hexaammineruthenium (III) chloride ([Ru (NH3)6]3+, RuHex) as the
signal reporter. A large number of RuHex can electrostatically adsorb
on the negatively charged continuous annular DNA. When targets are
present, RuHex on the nanoswitch will lead to a significant electro-
chemical signal, named switch on. On the other hand, if the pH con-
dition is not suitable, the nanoswitch will not be activated, which
means the switch is off. Obviously, if there is no target in the system,
the switch is also off. This strategy has several merits. Firstly, this is a
“signal-on” strategy which could minimize false positive. Secondly, by
changing the corresponding sequence in the capture probe, this strategy
can be used to detect multiple target DNA or miRNA. What's more, it
can achieve ultra-sensitive detection, which is attributed to the nu-
merous RuHex electrostatic binding to the long continuous annular
DNA. Last but not least, this TFOs nanoswitch is reversibly switchable
in different pH environments, which makes it particularly suitable for
monitoring of pH changes in cellular extracts or in vivo cells (Modi
et al., 2009, 2013).

2. Experimental section

2.1. Materials and reagents

Tris (2-carboxyethyl) phosphine hydrochloride (TCEP, 98%), ethy-
lene diamine tetraacetic acid (EDTA), hexaammineruthenium (III)
chloride ([Ru (NH3)6]3+ , RuHex), 6-mercapto-1-hexanol (MCH), tris
(hydroxymethyl) aminomethane were obtained from Sigma-Aldrich. All
of the other chemicals are of analytical reagent grade and can be used
without farther purification. HPLC-purified oligonucleotides were syn-
thesized and purified by Sangon Biotechnology Co. Ltd. (Shanghai,
China). All the oligonucleotide sequences used in this work are listed in
Table S1.

2.2. Buffer solutions used in this work

A capture probe (CP) immobilization buffer (I -buffer, 10mM Tris-
HCl containing 10mM TCEP, 1mM EDTA and 500mM NaCl) was used
to dilute the CP. DNA hybridization buffer (H-buffer, 10mM Tris-HCl
containing 100mM NaCl, 2.5 mM MgCl2) was employed to dilute other
oligonucleotides. A 10mM Tris-HCl buffer containing 50 μM RuHex
was used as the differential pulse voltammetry (DPV) test buffer (D-
buffer). A 100mM phosphate buffer solution (PBS) including 0.1M KCl,
5 mM K4 [Fe (CN) 6] and 5mM K3 [Fe (CN) 6] was used as the

electrochemical impedance spectroscopy (EIS) test buffer (E-buffer). A
10mM Tris-buffer (T-buffer) was used to rinse electrode before next-
step modification. The pH of all the buffers mentioned above used in
this experiment was 6 unless otherwise stated. Cyclic voltammetry (CV)
test buffer (C-buffer) was prepared by 0.5M H2SO4 and the blocking
buffer by 2mM MCH. Ultrapure water (18.2 MΩ•cm resistivity) ob-
tained from a Millipore water system was used throughout the experi-
ment.

2.3. Instrumentation

All electrochemical measurements were performed on a CHI660C
electrochemical workstation (Chenhua Instruments Co., Ltd., Shanghai,
China) at room temperature. A conventional three-electrode config-
uration was employed throughout the experiment, which comprised a
gold working electrode (2mm in diameter), a platinum wire auxiliary
electrode and an Ag/AgCl reference electrode. CV tests, which were
employed to characterize the electrode surface, were carried out in C-
buffer with a potential range from − 0.35–1.6 V at a scan rate of 0.1 V/
s. DPV experiments were performed by scanning the potential window
from − 0.6–0.2 V with 0.05 V amplitude, 0.05 s pulse width and 0.5 s
pulse period in D-buffer. EIS experiments were performed in E-buffer
over a frequency range from 0.1 Hz to 105 Hz and 5mV amplitude.

2.4. Preparation of the sensors

In the beginning, the Au electrode was immersed in a piranha so-
lution (H2SO4: H2O2 = 3:1 v/v) for 20min. After rinsed thoroughly
with ultrapure water, the bare Au electrode was burnished carefully
with 1, 0.3 and 0.05 µm aluminum powder to obtain a mirror plane.
Then, the Au electrode was rinsed with ultrapure water and successive
ultrasonic cleaned with ethanol and ultrapure water for 5min respec-
tively to remove the residual Al2O3 powder. Subsequently, the electrode
was electrochemically cleaned with C-buffer of a potential range of
− 0.35–1.6 V until a steady-state reproducible cyclic voltammogram
was obtained. Ultimately, thoroughly rinse the well-prepared electrode
with ultrapure water and dry it with nitrogen. Use it as soon as possible
for probe immobilization.

2.5. Fabrication of the nanoswitch biosensor

Before experiments, CP (1 μM) in I-buffer was heated to 95 °C for
5min, followed by slowly decreasing to room temperature for at least
2 h to form a hairpin structure. At the same time, ORP (5 μM) and IRP
(5 μM) in H-buffer were heated to 95 °C for 5min, followed by slowly
cooling to room temperature as well. Then, the nanoswitch biosensor
was fabricated as follow. At first, 10 μL of CP solution (1 μM) was
dropped onto the surface of a cleaned Au electrode and incubated for
180min in the dark. The CP oligomers can be immobilized on Au
electrode surface (CP/Au) via gold-sulfur chemistry bond. Then, the
electrode was thoroughly rinsed with T-buffer gently and dried under a
stream of nitrogen gas. Afterward, to block the nonspecific binding sites
of Au electrode and obtain well-organized DNA monomolecular layer,
the CP/Au was incubated for 90min with blocking buffer (10 μL). The
resulting electrode, marked as MCH+CP/Au, was then rinsed with T-
buffer and dried with nitrogen. Next, H-buffer (10 μL) containing target
probes (TP) with different concentration was coated on the Au elec-
trode (TP/MCH+CP/Au) for 60min and subsequently rinsed with T-
buffer. After that, 10 μL of linked probes (LP) was dropped on the above
electrodes for 60min self-assembly (LP/TP/MCH+CP/Au). The mod-
ified electrode was washed with T-buffer and dried under nitrogen. And
then, 10 μL of H-buffer solution (pH 6) contained ORP and IRP was
coated on Au electrode (ORP+IRP/LP/TP/MCH+CP/Au) for 60min to
form a complete nanoswitch biosensor. Prior to detection, the elec-
trode, ORP+IRP/LP/TP/MCH+CP/Au, was placed in 10mM Tris-HCl
containing 50 μM RuHex (pH 6) for 2min to reach the equilibrium
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adsorption of RuHex. Finally, the sensor was rinsed with T-buffer and
moved to the electrochemical cell for measurement.

2.6. Real samples analysis

MiRNA-21 is up-regulated in the serum of breast cancer patients.
We tried to detect the expression of miRNA-21 levels in serum of breast
cancer patients. Serum samples from breast cancer patients and healthy
volunteers were kindly supplied by Fujian Provincial Cancer Hospital
(Fujian, China). The serum samples were diluted 2 times with ultrapure
water and the detection method same as described above.

3. Results and discussion

3.1. The principle of the strategy

The mechanism of electrochemical nanoswitch biosensor based on
self-assembled pH-sensitive continuous circular DNA is represented in
Scheme 1. Firstly, in order to activate the pH-dependent nanoswitch,
we take full advantage of the transition between duplex and triplex
DNA in different pH environments. We tactfully designed two DNA
sequences, ORP and IRP. Under alkaline buffer conditions, an ORP and
an IRP can be self-assembled into a separate DNA ring. LP can be
complementary to the single-stranded part of the DNA ring. One LP can
be connected to only one ring. However, only under weakly acidic
condition (pH 6), IRPs and ORPs can be self-assembled into continuous
DNA rings connected by TFOs. The stably formed continuous annular
DNA structure, which is used as a key component of nanoswitch and an
excellent carrier for signal amplification, can be attached to CP via LP.
CP, which is designed to be complementary to both TP and LP, can be
immobilized on the Au electrode through thiol groups and form a
hairpin structure after thermally annealed. In order to improve the
quality and stability of CP on the electrode, we use MCH to block the
nonspecific binding sites. In the absence of target miRNA-21, the pre-
dominant form of CP is hairpin structure. The binding force of LP and
CP is insufficient to open the stem-loop structure of CP. However, in the
presence of target miRNA-21, the hairpin structure of CP is unfolded,
and the newly exposed sticky end of CP will hybridize with LP stably.

LP plays the role of connecting the amplification probe (ORP+IRP)
with CP. In this way, the complete nanoswitch biosensor is established.
RuHex was selected as the electrochemical reporter. The more con-
tinuous annular DNA structures are self-assembled on the electrode, the
more RuHex are bound. As such, the stronger signal is generated. In
addition, since the formation of the DNA nanoswitch is independent of
the base sequence of the target, if we change the complementary base
sequence on the capture probe according to another target probe, the
nanoswitch can also be used to detect other nucleic acid targets, which
will have broad application prospects.

3.2. Characterization of the nanoswitch biosensor

As an effective measure for evaluating the interface characteristics
of modified electrodes, electrochemical impedance spectroscopy (EIS)
is usually employed to study the stepwise assembly process of the gold
electrode. In a representative EIS, the cross section of the high fre-
quency semicircle represents the charge transfer limiting process, and
the diameter of the semicircle varies with the change of the resistance
of the interfacial charge transfer (Rct) (Xu et al., 2017). As described in
Fig. 1, the electron transfer resistance (Ret) of Au electrode modified
with CP and MCH (curve b) was significantly increased compared with
the undecorated Au electrode (curve a), which clearly indicated that CP
fixed on the electrode surface already. Subsequently, when TP was
hybridized with CP, an increased Ret (curve c) could be seen on account
of the electrostatic repulsion between [Fe (CN) 6]3−/4− anions and
negatively charged phosphate backbone of DNA. As expected, the Ret
kept increasing with the modification of LP (curve d), proving the
successful link between CP and LP. Notably, when IRP and ORP self-
assembled to be continuous circular DNA on the gold electrode surface
and connected with LP, a large number of negative charges were ac-
cumulated on the surface of the electrode and a significant steric hin-
drance was produced, which resulted in a significant increase in the
diameter of the semicircle (curve e). Obviously, if IRP and ORP were
not self-assembled to be continuous circular DNA, no large electro-
chemical impedance could be observed. These outcomes confirmed that
the fabrication of electrochemical nanoswitch biosensor for miRNA
assay was successful.

Scheme 1. Illustration of the novel electrochemical nanoswitch biosensor used for ultrasensitive detection of miRNA-21 based on self-assembled pH-sensitive
continuous circular DNA.
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3.3. Feasibility of the sensor

We employed DPV as the tool to study the feasibility of the elec-
trochemical nanoswitch biosensor in response to miRNA-21. RuHex,
served as the signal reporter, can bind to the negatively charged DNA
strands through electrostatic interaction. As can be seen in Fig. 2, the
gold electrode modified by CP showed a very small DPV peak (curve a),
because there were few RuHex cations binding to phosphate backbone
through electrostatic interaction. In the absence of TP, LP or ORP+IRP
could not directly hybridize with CP. Only another two similar small
DPV peaks (curve b and c) were observed, which were attributed to
nonspecific adsorption. However, when CP hybridized with TP, more
RuHex positive ions were binding to CP and TP. A larger DPV peak
current could be observed (curve d). The above phenomena showed
that the sensor could be successfully constructed only in the presence of
TP, while LP could be complementary with the exposed sticky end of
CP. As a result of strands extended and binding of RuHex, the DPV peak
(curve e) was slightly higher compared with curve d. When ORP+IRP
(pH 6) was dropped on the gold surface which had been modified with
LP/TP/CP, a significant DPV peak current (curve f) was observed. The
remarkable signal amplification indicated that the continuous annular
DNA nanoswitch had been successfully self-assembled by ORP+IRP

and bonded with a large number of RuHex. These outcomes indicated
the viability of the proposed design for target detection.

3.4. DPV of different pH circumstance

The formation of this TFOs nanoswitch is pH-dependent, as a result
of the Hoogsteen interaction. We explored the impact of various pH on
the nanoswitch under the optimized experimental conditions. As shown
in Fig. 3, when pH= 6, the DPV peak current was maximum (curve b),
demonstrating that continuous annular DNA connected by TFOs is more
likely to form under weak acid condition. More specifically, the pro-
tonation of cytosine residues can lead to the Hoogsteen base pairing
between C-G•C+ triplets under weak acid conditions. Therefore, the
IRP, ORP and another IRP can self-assemble to form a triple helix.
Eventually, a good deal of electropositive RuHex will bind to the an-
ionic phosphate through electrostatic adherence, producing a re-
markably amplified electrochemical signal. On the contrary, while
pH= 5, 7, 8 or 9, the peak current showed a distinct diminution
(Corresponding curves a, c, d, e, respectively). The reason may be that
the stabilization between C-G•C+ and T-A•T cannot reach equilibrium.
Because C-G•C+ is stable under weak acid conditions and T-A•T prefers
neutral conditions. Therefore, changing the acid-base environment can
realize the switching of the nanoswitch and lead to different results.

3.5. Optimization of the experimental conditions

The main amplification and switch effect of this electrochemical
biosensor comes from the continuous annular DNA. In order to fulfill
the optimal experimental performance, experimental conditions such as
amplification probes (ORP and IRP) concentration and hybridization
time were studied respectively when the concentration of miRNA-21
was 10 nM. The impact of ORP and IRP concentrations (from 0 to 2.5
μM) on the electrochemical response is shown in Fig. S1A. The con-
centration of ORP was equal to the concentration of IRP. The hy-
bridization time for self-assembly was 120 min. With the increase of the
concentration of ORP and IRP, DPV peak current intensities were in-
creased at first and then reached a platform at 2 μM, which was selected
as the optimal concentration. As shown in Fig. S1B, the effect of hy-
bridization time of ORP and IRP were also studied. The DPV signal
increased gradually between 40 and 120 min and then reached a
platform, indicating that the reaction reached equilibrium after 120
min. Therefore, the hybridization time was determined to be 120 min.

3.6. Analytical performance of the nanoswitch biosensor

To verify the analytical capability of the proposed method, the

Fig. 1. EIS (Nyquist plots) of the gold electrodes modified with various oligo-
nucleotides in the E-buffer: (a) bare Au electrode, (b) MCH+CP/Au, (c) TP/
MCH+CP/Au, (d) LP/TP/MCH+CP/Au, (e) ORP+IRP/LP/ TP/MCH+CP/Au.

Fig. 2. Effect of various oligonucleotides modified on Au electrode on the DPV
response currents: (a) CP, (b) LP/CP, (c) ORP+IRP/CP, (d) TP/CP, (e) LP/TP/
CP, (f) ORP+IRP/LP/TP/CP. The concentration of miRNA-21 was 10 nM. The
concentrations of IRP and ORP were 2 μM.

Fig. 3. DPV response of the biosensors self-assembled in H-buffers with dif-
ferent pH. (a) pH 5, (b) pH 6, (c) pH 7, (d) pH 8, (e) pH 9.
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nanoswitch biosensor was challenged by gradient concentrations of
target miRNA-21 under optimal experimental conditions. According to
Fig. 4A, DPV peak current gradually enhanced when the concentration
of the target miRNA-21 increased from 0 M to 10 nM (curves a-i). The
remarkable sensitivity can be attributed to the abundant of RuHex
positive ions electrostatically bound to the continuous annular DNA.
The electrical signal was amplified significantly. Fig. 4B shows the
proportional relationship between target concentration and signal re-
sponse. DPV peak currents showed a good linear dependence on the
logarithm of miRNA-21 concentrations ranging from 1 fM to 10 nM.
The linear equation for miRNA-21 detection is y = 0.2558LogC+
4.7068 (y is the DPV peak current and C is the concentration of target
miRNA-21) with a correlation coefficient value (R2) of 0.9935. The
limit of detection (LOD), 0.84 fM, could be estimated by 3σ/S (σ is the
standard deviation of the blank signal. S is the slope of the fit line). In
addition, the reproducibility of the assay method was investigated. A
relative standard deviation (RSD) of 5.1% corresponding to three re-
petitive measurements for 10 nM miRNA-21 was obtained, suggesting
good reproducibility of the strategy.

3.7. Selectivity and stability of the proposed nanoswitch biosensor

Selectivity is an essential element for a good biosensor.

Consequently, different miRNAs, including miRNA-141, miRNA-199a,
single-base mismatched, and two-base mismatched miRNA-21 se-
quences, were employed as the interfering material to study the se-
lectivity of the biosensor. As illustrated in Fig. S2, the DPV peak current
intensity of the proposed method was increased significantly in the
presence of miRNA-21 (10 nM) compared to the blank solution (no
target miRNA-21). However, when the miRNA-141 (1 μM), miRNA-
199a (1 μM), single-base mismatched miRNA-21 (1 μM), and two-base
mismatched miRNA-21 (1 μM) were used to substitute the target
miRNA-21 respectively, there was no significant increase in the DPV
signal of these interfering substances compared to the blank. After
blending the miRNA-141 (1 μM), miRNA-199a (1 μM), single-base
mismatched miRNA-21 (1 μM) and two-base mismatched miRNA-21 (1
μM) with the target miRNA-21 (10 nM), the DPV showed a tremendous
current intensity and no obvious difference from that of only 10 nM
miRNA-21 could be observed. The results showed that the proposed
method exhibited excellent selectivity. The stability of the proposed
nanoswitch biosensor was also verified by storing at 4 °C and measuring
every 12 h. The results (Fig. S3) showed that after 72 h, the DPV re-
sponse of the biosensor retained about 84.7% of its original response,
indicating the satisfactory stability of the proposed biosensor.

3.8. Application of the nanoswitch biosensor in human serum

In order to study the applicability of the proposed DNA nanoswitch
in actual samples, we conducted the following experiments. We tested
miRNA-21 levels in serum samples from 6 breast cancer patients and 6
healthy volunteers, respectively. As presented in Table 1, the DPV peak
currents of patients’ serum were obviously higher than those of the
healthy donors’, which was consistent with reported literatures
(Oudeng et al., 2018; Shi et al., 2015). As references, a commercial qRT-
PCR kit was simultaneously used to quantify the serum miRNA-21ex-
pression levels. The results acquired by our proposed method are very
consistent with the results obtained with qRT-PCR on the same samples
(Fig. S4). Hence, the results showed that the proposed strategy can
ultra-sensitively detect targets in complicated biological samples and
have considerable potential in clinical diagnosis and prognostic eva-
luation.

4. Conclusions

In summary, we developed a novel self-assembled pH-sensitive
continuous circular DNA nanoswitch biosensor for ultrasensitive elec-
trochemical detection of miRNA-21. The DNA nanoswitch biosensor is
simple and inexpensive, without the need for enzyme, label, or complex
operation. What's more, only in a weakly acidic environment (pH=6)
will the nanoswitch biosensor be activated, allowing a significant signal
to be detected. The biosensor shows high selectivity and is able to
quantify miRNA-21 down to 0.84 fM. Besides, this approach can di-
rectly evaluate miRNA-21 in complex biological samples without pre-
treatment, which reduces the complexity of the experiment greatly and
makes it possible for this nanoswitch biosensor to be used for clinical
diagnosis and prognostic evaluation in future.
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