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Programmable mismatch-fueled high-eﬃciency
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Ya-qin Chai, * Ying Zhuo * and Ruo Yuan *
Herein, by directly introducing mismatched reactant DNA, high-reactivity and high-threshold enzyme-free
target recycling ampliﬁcation (EFTRA) is explored. The developed high-eﬃciency EFTRA (HEEFTRA) was
applied as a programmable DNA signal converter, possessing higher conversion eﬃciency than the
traditional one with perfect complement owing to the more negative reaction standard free energy (DG).
Once traces of input target miRNA interact with the mismatched reactant DNA, amounts of ferrocene
(Fc)-labeled output DNA could be converted via the EFTRA. Impressively, the Fc-labeled output DNA
could be easily captured by the DNA tetrahedron nanoprobes (DTNPs) on the electrode surface to form
triplex-forming oligonucleotide (TFO) at pH ¼ 7.0 for sensitive electrochemical signal generation and the
DTNPs could be regenerated at pH ¼ 10.0, from which the conversion eﬃciency (N) will be accurately
obtained, beneﬁting the selection of suitable mismatched bases to obtain high-eﬃciency EFTRA
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(HEEFTRA). As a proof of concept, the HEEFTRA as an evolved DNA signal converter is successfully
applied for the ultrasensitive detection of miRNA-21, which gives impetus to the design of other signal
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converters with excellent eﬃciency for ultimate applications in sensing analysis, clinical diagnosis, and
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other areas.

Introduction
Enzyme-free target recycling amplication (EFTRA) based on
the toehold strand displacement reaction (TSDR) could convert
traces of input targets into amounts of output products to
construct autocatalytic circuits for exponential signal amplication as a signal converter, which has the advantages of high
specicity, low cost, and simple operation with less environmental interference.1–5 Nevertheless, with the lack of an accurate and sensitive measurement method, exactly measuring the
conversion eﬃciency (N) of EFTRA remains a serious challenge,
which further limits the exploitation of its inherent properties
and expanded applications. Thus it is of signicant importance
to carve out an eﬀective method for accurately monitoring the
conversion eﬃciency of EFTRA. Herein, we utilize a tetrahedral
DNA nanostructure with mechanical rigidity, chemical and
structural stability, and highly ordered upright orientation6,7 to
design a simple DNA tetrahedral nanoprobe (DTNP), which was
immobilized on the electrode surface to eﬀectively capture the
Fc-labeled output DNA, the product converted by the quantied
input target via EFTRA, to generate a sensitively monitorable
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electrochemical signal8–13 at pH ¼ 7.0. When this signal value is
the same as that generated by the independent and quantied
Fc-labeled DNA (identical to the Fc-labeled output DNA), the
experimental conversion eﬃciency of EFTRA (N) can be accurately obtained through the ratio of the concentration of Fclabeled output DNA from the input target miRNA via EFTRA
and the concentration of the input target miRNA. Signicantly,
the DTNP could be regenerated at pH ¼ 10.0, achieving the
continuous long-term usage of this sensing platform to accurately monitor the conversion eﬃciency of EFTRA and providing
a new insight for DNA nanoprobe regeneration.
Promoting the conversion eﬃciency of EFTRA to develop
a high-eﬃciency DNA signal converter is another signicant
goal for advancing the superiority and applicability of nucleic
acid amplication in diagnostic applications, biological
research, nanobiotechnology, and bioengineering. Since the
rate-limiting step of TSDR is the branch migration in the
displacement domain,14,15 the conversion eﬃciency of EFTRA
could be aﬀected by the reaction equilibrium of the branch
migration process. Thus, suitable mismatched bases in the
displacement domain of the resultant DNA can make the EFTRA
reaction standard free energy (DG) more negative when
compared with the completely matched reactant DNA in traditional EFTRA,16–23 which could enhance the driving force of
EFTRA with increased reactivity and threshold for improving
the conversion eﬃciency. Herein, we adopt the theoretical
conversion eﬃciency of EFTRA (N0 ) obtained by the well-studied
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thermodynamic parameters of the nucleic acid hybridization
reaction24–27 from NUPACK28 to provide some referential mismatched bases in the displacement domain of the reactant
DNA, and then contrast the accurate experimental N to screen
out the suitable mismatched bases for high-eﬃciency EFTRA
(HEEFTRA). As a result, we carve out the HEEFTRA and apply it
as a programmable DNA signal converter for biomarker assay,
which gives impetus to exploit a new generation of nucleic acid
amplication techniques for biosensing analysis and early
disease diagnosis.

Results and discussion
The reaction mechanism and conversion eﬃciency monitoring
of the HEEFTRA are shown in Scheme 1. The target miRNA
could trigger the rst TSDR to hybridize with the toehold of the
duplex (double helix) ABC (FS-AP-LS), then AP (A) will be displaced and released away, from which the next toehold in the
middle of FS (C) will be exposed and then initiate the next TSDR
in the presence of TS (D), accompanied by the simultaneous
release of Fc-labeled output DNA LS (B) and target miRNA (T).
Next, the released target miRNA can be reused to release more
Fc-labeled DNA LS (B). As a result, one input of target miRNA
can induce multiple outputs of Fc-labeled DNA LS (B) via the
HEEFTRA (Part A). Then, the Fc-labeled output DNA LS (B)
could be captured by the DTNP on the electrode surface to form
triplex-forming oligonucleotide (TFO)29–31 at pH ¼ 7.0 for
generating the sensitive electrochemical signal response and
the TFO could be dissociated in pH ¼ 10.0 realizing the
regeneration of DTNP, from which the experimental conversion

Scheme 1 (Part A) Schematic Illustration of the high-eﬃciency
enzyme-free target recycling ampliﬁcation (HEEFTRA). (Part B) Illustration of the electrochemical monitoring of the EFTRA conversion
eﬃciency by the DNA tetrahedral nanoprobe (DTNP) on the electrode
surface.
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eﬃciency of the EFTRA (N) can be accurately obtained (Part B).
Ultimately, with the help of the theoretical N0 and experimental
N, the suitable mismatched bases in the displacement domain
of duplex ABC (two mismatched bases as shown in Part A) are
selected for achieving HEEFTRA. Signicantly, the evolved
HEEFTRA is used to construct an ultrasensitive electrochemical
biosensor for the detection of miRNA-21 with a detection limit
about an order of magnitude beyond that of the wild-type
EFTRA down to 0.25 fM, which could be further applied in
miRNA-21 assay from breast cancer cell lysates.
Firstly, we carried out a series of polyacrylamide gel electrophoresis (PAGE) characterizations to prove the reaction
mechanisms of the EFTRA (Fig. S1A†), DTNP (Fig. S1B†), and
TFO (Fig. S2A†) and additionally harnessed the UV-vis absorption spectra to further verify the successful formation of TFO
(Fig. S2B†), and the results were as expected. Next, cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS)
for the self-assembly of the elaborated biosensor (Fig. S3†) and
the characterization of the electrode surface (Fig. S4–S6†) all
indicated the successful construction of this biosensor. Then
TFO was formed under the optimal reaction time (90 min,
Fig. S4A†) and pH (7.0, Fig. S4B†), and we also measured the
binding constant (Ka) of TFO with a value of 1.56  107 M1
(ESI, pages S15–S17†), which demonstrates that the designed
DTNP has a high binding aﬃnity to the Fc-labeled DNA LS (B)
and can be used to sensitively capture the LS (B). We also
adopted SWV to characterize the biosensor under diﬀerent
conditions, and the results (Fig. S9†) further displayed that this
biosensing platform could eﬀectively recognize the LS (B) and
be successfully operated for accurately and sensitively
measuring the EFTRA conversion eﬃciency (N).
To obtain the experimental N, we rstly determined the
relationship of the current responses of the biosensor to
diﬀerent concentrations of the quantied independent Fclabeled LS (B) (Fig. S10†) and diﬀerent concentrations of the
quantied target miRNA (T) (Fig. S11†) via EFTRA. When these
two current response values corresponding to the quantied LS
(B) and the quantied target miRNA respectively are the same,
the concentration of the independent Fc-labeled LS (B) is
identical to that of the output LS (B) from the input miRNA-21
via EFTRA. Thus the accurate experimental N could be obtained by proportioning the concentration of the quantied
independent Fc-labeled LS (B) and the concentration of the
quantied target miRNA under the same current response (ESI,
pages S18–S21†), and the results of the experimental wild-type
EFTRA conversion eﬃciency (N) are shown in Table S2.†
It is very important to choose suitable mismatches in the
duplex ABC for achieving HEEFTRA since suitable mismatches
can not only make the DG of the EFTRA more negative to induce
a higher conversion eﬃciency but could also ensure the suﬃcient stability of the duplex ABC for the successful operation of
the EFTRA. When the mismatches were introduced in FS (C) or
LS (B), weak aﬃnity of FS (C) for LS (B), target miRNA, or TS (D)
was obtained, resulting in low EFTRA conversion eﬃciency
(Scheme 1). Remarkably, the AP (A) with suitable mismatches
not only ensured the stability of duplex ABC but could also be
displaced by target miRNA more easily owing to the decreased
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interaction between AP (A) and FS (C), accompanied by the
improved EFTRA conversion eﬃciency. According to the DG
calculated from NUPACK as a duplex ABC stability evaluation
index, we concluded that mismatched domains with number
less than or equal to four at the middle instead of the tail of the
displacement region in AP (A) (Fig. 1) could be permitted to
introduce suitable mismatches.
In view of the wide variety of mismatch types, we harnessed
the theoretical computation of the EFTRA conversion eﬃciency
to narrow their range to select the optimal mismatch type.
Firstly, we simulated the EFTRA using a two-step reaction model
for calculation of the theoretical N0 :
T + ABC # TBC + A; DG1
D + TBC # DC + T + B; DG2
where DG1 ¼ DGTBC + DGA  DGABC  DGT and DG2 ¼ DGB + DGT
+ DGDC  DGTBC  DGD, and T, A, B, C, and D represent target,
AP, LS, FS, and TS, respectively. The equilibrium concentrations
of all DNA species can then be derived by solving a set of
equations:
K1 ¼ e

K2 ¼ e

DG1
RT

DG2
RT

¼

¼

½A  ½TBC
½T  ½ABC

½T  ½B  ½DC
½D  ½TBC

Then through the computation of the ratio of the balanced
concentration of output Fc-labeled LS ([B]) and the initial
concentration of the input target miRNA ([T]0) (ESI, page S21†),
the theoretical N0 of the wild-type EFTRA ([B]/[T]0) was also obtained (Table S2†).
With diﬀerent quantied target miRNA, the experimental N
and theoretical N0 of the wild-type EFTRA were obtained (Table
S2†). By comparing these results, we found that the trends of N
and N0 to increase or decrease were almost the same. As shown
in Fig. 2, with the target concentration increasing from 10 fM to
100 nM (1  1014 to 1  107 M), the theoretical N0 decreased.
In contrast, the trend of the experimental N was consistent with
the theoretical N0 (target concentration, 1 pM to 100 nM (1 
1012 to 1  107 M)), while their trends were exactly opposite
with the target concentration in the range of 10 fM to 1 pM (1 

The four possible mismatched domains in the middle of the
displacement region that can ensure the stability of duplex ABC and
improve the EFTRA conversion eﬃciency simultaneously.

Fig. 1

This journal is © The Royal Society of Chemistry 2019

Comparison of experimental and theoretical conversion eﬃciency of wild-type EFTRA with diﬀerent concentrations of target from
10 fM to 100 nM: 10 fM, 100 fM, 1 pM, 10 pM, 100 pM, 1 nM, 10 nM, and
100 nM.

Fig. 2

1014 to 1  1012 M), which can be ascribed to the TSDR,
which is weakly thermodynamically favorable or even thermodynamically unfavorable within the limits of a suﬃciently low
concentration of the trigger of EFTRA (target)15 and the diﬀerence between the real DG values and the predicted values.32
Thus we chose a target concentration of 1.0 pM to deeply study
the EFTRA conversion eﬃciency, at which the experimental N
was practically maximum (Table S2†).
Next, we introduced all possible kinds of single-mismatched
bases (Table S3†) in AP to obtain the corresponding theoretical
N0 and experimental N. As shown in Fig. 3A, the experimental N
changed in accordance with the trend of the theoretically predicted N0 . Fig. 3B illustrates the corresponding experimental N
(red curve) of some specic multiple-mismatched bases in AP
(A) (Table S3†) with the high theoretical N0 (blue curve). The
experimental N increased with the elevated number of
mismatches, which was consistent with the trend of theoretical
N0 to increase or decrease, further indicating that the theoretical
N0 could indeed be used as a reference to choose suitable
mismatches for achieving HEEFTRA.
However, excess mismatches of AP (A) would destroy the
stability of duplex ABC, bringing false-positive EFTRA operation
and a high current background signal in the DNA signal

Fig. 3 Comparison of experimental and theoretical EFTRA conversion
eﬃciency with diﬀerent (A) single-mismatched sequences: (a) AP, (b)
AP-D1M1t, (c) AP-D1M1a, (d) AP-D1M1g, (e) AP-D2M1c, (f) AP-D2M1g,
(g) AP-D2M1t, (h) AP-D3M1c, (i) AP-D3M1a, (j) AP-D3M1g, (k) APD4M1c, (l) AP-D4M1g, and (m) AP-D4M1t, and (B) multiple-mismatched sequences: (a) AP, (b) AP-D1D4M2, (c) AP-D2D4M2, (d) APD3D4M2, (e) AP-D1D3D4M3, (f) AP-D2D3D4M3, and (g) APD1D2D3D4M4 in duplex ABC (1.0 pM target miRNA).
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converter in the absence of target miRNA. Thus, PAGE was
rstly used to monitor the stability of duplex ABC with diﬀerent
mismatches. As shown in Fig. 4A, lanes 1–11 correspond to
duplex ABC with sequences of AP, AP-D1M1t, AP-D2M1c, APD3M1c, AP-D4M1c, AP-D1D4M2, AP-D2D4M2, AP-D3D4M2,
AP-D1D3D4M3, AP-D2D3D4M3, and AP-D1D2D3D4M4, respectively (Table S3,† D and M represent “domain” and “mismatch”
separately) and the obvious bands directly indicate that the
stability of duplex ABC was almost unaﬀected aer the introduction of single (lanes 2–5) and double (lanes 6–8) mismatches
and decreased slightly aer the introduction of triple
mismatches (lanes 9 and 10). Compared with lanes 12–14 which
respectively correspond to single strand FS, AP and LS, the band
in lane 11 representing duplex ABC vanished, displaying that
duplex ABC could not be constructed steadily aer the introduction of quadruple mismatches in AP. Secondly, in the
absence of target miRNA, we also employed SWV to study the
current background signal of the biosensor aer diﬀerent
multiple mismatches in AP (A) were introduced to further verify
the stability of duplex ABC. As displayed in Fig. 4B, the SWV
current responses of the biosensing platform with matched
duplex ABC (curve a), single-mismatched duplex ABC (curve b),
or double-mismatched duplex ABC (curve c) were hardly
noticeable; however, aer the introduction of triplemismatched bases (curve d) or quadruple-mismatched bases
(curve e) in AP, the SWV signal responses all increased signicantly. The high background signals of the biosensor with triple
or quadruple mismatches further certied that excess
mismatches would obviously destroy the duplex ABC stability
and be out of the DNA signal converter development. Integrating the above results of PAGE and SWV with the experimental N (red curve) shown in Fig. 3B, the most suitable
mismatches in duplex ABC that endow the EFTRA with excellent
experimental N and low background signal simultaneously were
double mismatches (AP-D3D4M2) instead of the triple or
quadruple mismatches from the theoretical prediction, which

Edge Article

might be ascribed to the eﬀects of the cation concentration, pH,
etc.33 Impressively, we introduced it in the EFTRA and achieved
the HEEFTRA. The HEEFTRA was further harnessed for developing an ultrasensitive biosensor for miRNA analysis.
Aer the suitable mismatches (AP-D3D4M2) were introduced
in duplex ABC, based on the evolved HEEFTRA and the elaborated DTNP, the current response of this proposed biosensor
dramatically increased with the increase of the target concentration from 0.5 fM to 100 nM (5  1016 to 1  107 M) (Fig. 5A)
and showed a good linear relationship with the logarithm of the
miRNA-21 concentration (Fig. 5B), and the regression equation
was expressed as I ¼ 0.2657 lg c + 4.1775 (R ¼ 0.9963) with
detection limit down to 0.25 fM for miRNA-21 analysis (Table
S6†), exhibiting relatively desirable performance compared to
the biosensor without mismatches (Fig. S11†) and other
methods (Table 1).
Compared with the biosensor based on wild-type EFTRA, the
proposed biosensor with mismatches in HEEFTRA exhibited
a higher conversion eﬃciency (Fig. 6A), a wider range of
detection concentration (Fig. 6B) and a lower detection limit for
target assay (Table 1), demonstrating that the introduction of
suitable mismatches in the displacement domain of the reactant DNA successfully achieved the HEEFTRA. Moreover, the
detection of tumour-specic circulating miRNA at ultrahigh
sensitivity is of utmost signicance for the early diagnosis and
monitoring of cancer;34 thus, there is a great need to develop
new approaches or sensing media with improved miRNA
detection limits owing to its low abundance in total RNA
samples and the susceptibility to degradation.35–37 In view of
this, we indeed explored a practically valuable HEEFTRA.
In addition, the prepared biosensor based on the evolved
HEEFTRA also exhibits excellent reproducibility, selectivity, and
stability (Fig. S12†). As displayed in Fig. S13,† the capacity of the
elaborated biosensor for miRNA-21 detection was investigated
with total RNA extraction solutions from human cancer cell
lines MCF-7 and HeLa (ESI, pages S6 and S7†) and the results
(Fig. S13†) were consistent with previous reports.38–40 Finally,
the reversible pH switching of the biosensor has also been
investigated (ESI, pages S29 and S30†) and the regenerability of
the proposed biosensor was excellent with more than seven pH
switching cycles (Fig. S14†).

Fig. 4 (A) Nondenaturing PAGE characterization of duplex ABC with

diﬀerent mismatched sequences (8% PAGE, 90 min): lane 1, AP (2 mM);
lane 2, AP-D1M1t (2 mM); lane 3, AP-D2M1c (2 mM); lane 4, AP-D3M1c
(2 mM); lane 5, AP-D4M1c (2 mM); lane 6, AP-D1D4M2 (2 mM); lane 7,
AP-D2D4M2 (2 mM); lane 8, AP-D3D4M2 (2 mM); lane 9, APD1D3D4M3 (2 mM); lane 10, AP-D2D3D4M3 (2 mM); lane 11, APD1D2D3D4M4 (2 mM) and single strands: lane 12, FS (2 mM); lane 13, AP
(2 mM); lane 14, LS (2 mM). (B) Comparison of SWV current responses of
the biosensing platform with diﬀerent mismatches: (a) AP; (b) APD4M1c; (c) AP-D3D4M2; (d) AP-D2D3D4M3; (e) AP-D1D2D3D4M4 in
the absence of target miRNA.

Chem. Sci.

(A) SWV current responses of the biosensors to diﬀerent
concentrations of the target miRNA-21 with mismatches (APD3D4M2) in HEEFTRA: (a) 0.5 fM, (b) 1.0 fM, (c) 10 fM, (d) 100 fM, (e) 1.0
pM, (f) 10 pM, (g) 100 pM, (h) 1 nM, (i) 10 nM, and (j) 100 nM, and (B)
corresponding calibration plot for the SWV peak current vs. lg c.

Fig. 5
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Comparison of the developed biosensor with other miRNA detection methods

Analytical methods

Linear range

Detection
limit

Ref.

Fluorescence
Electrochemiluminescence
Electrochemiluminescence
Chronocoulometry
Electrochemical
Electrochemical
Electrochemical
Electrochemical

100 fM to 10 nM
5.0 fM to 500 pM
10 fM to 0.1 nM
2.0 fM to 1.0 nM
20 fM to 10 pM
5 fM to 5.0 pM
10 fM to 100 nM
0.5 fM to 100 nM

58 fM
1.51 fM
6.6 fM
2.0 fM
8.2 fM
1.92 fM
1.22 fM
0.25 fM

41
42
43
44
45
46
This work (without mismatches)
This work (with mismatches)
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Comparison of (A) the experimental EFTRA conversion eﬃciency of the proposed biosensor with and without mismatches under
diﬀerent concentrations of target miRNA (accurate data are shown in
Tables S2 and S5,† respectively) and (B) the corresponding calibration
plots for the SWV peak current vs. lg c with and without mismatches.

Fig. 6

Conclusions
In summary, we proposed a mismatch-fueled high-eﬃciency
DNA signal converter named HEEFTRA and applied it in the
construction of ultrasensitive biosensor. Overall, rst, we carved
out an eﬀective method to accurately and sensitively measure the
conversion eﬃciency of EFTRA addressing the challenge of exact
monitoring of the EFTRA conversion eﬃciency based on a DNA
tetrahedral nanoprobe (DTNP) with multiple recognition sites at
the lateral edges, high stability, and low surface-induced perturbation on the electrode surface. Second, through the introduction of suitable mismatches in reactant DNA, the conversion
eﬃciency of EFTRA is obviously improved, providing a new idea
for promoting the exploitation of the inherent properties and
expanded applications of HEEFTRA. Third, as a practical application, the evolved HEEFTRA was applied to develop a biosensor
with excellent specicity, stability, reproducibility, and regenerability for the ultrasensitive detection of miRNA-21, achieving the
assay of miRNA from cancer cell lysates. Given these advantages,
the programmable mismatch-fueled HEEFTRA shows great
potential as a new generation of DNA signal converter to
construct biosensors for sensing analysis and clinical diagnosis,
like the detection of nucleic acids,47 ATP,48 and proteins,49 and
even for applications in other areas50 aer some small adjustments of the specic nucleic sequence in it.
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