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A B S T R A C T

A label-free electrochemical biosensor based on the triplex DNA-templated Ag/Pt bimetallic nanoclusters (tri-
plex-Ag/PtNCs) and locked nucleic acid (LNA) modified X-shaped DNA probe was developed for the detection of
single-nucleotide variant (SNV) related to β-thalassemia. Firstly, using triplex DNA as template, a site-specific
and homogeneous Ag/PtNCs was prepared, which can effectively catalyze the 3,3,5,5-tetramethylbenzidine-
H2O2 system and thus be employed as a signal reporter in the field of electrochemical biosensor. Secondly, the
LNA modified X-shaped probes were assembled on gold electrode surface, which can only be dissociated in the
presence of target, leading to the hybridization with triplex-Ag/PtNCs and significant increase of current signal.
In this way, the detection limit for SNV of β-thalassemia was 0.8 fM with variant allele frequency (VAF) as low as
0.0001%.

1. Introduction

As is well known, single-nucleotide variant (SNV) is one of the most
significative and common forms of genetic variation [1], and thereby is
linked to many diseases such as β-thalassemia (β-Thal) [2], diabetes
[3], Alzheimer's disease [4], and cancers [5,6]. Accordingly, SNV be-
comes one important biomarker for disease diagnostics, drug develop-
ment, and clinical studies [7,8]. Furthermore, owing to an abundant of
wild-type (wt) genes and a low level of variants [9], methods with
highly sensitivity and excellent specificity are required toward the ac-
curate and sensitive detection of SNV. Numerous classical approaches
[10,11] have been successfully utilized to detect SNV, which are mainly
based on allele-specific hybridization methods and incorporated var-
ious signaling approaches, including fluorescence [12], solid-state na-
nopores [13], optical thin-film biosensor chips [14], microfluidic plat-
form [15], electrochemistry [16], and so on. Among these,
electrochemistry has gained considerable interest due to its innate
features, such as high sensitivity, rapid analysis, easy operation, and
low cost [17–19]. However, the classical electrochemical methods were
commonly labeled by natural enzymes, such as HRP [19] or small
electroactive molecules [20] to generate measurable signal, which will
inevitably bring about some complicated or expensive operations and

even high background noise or false positive caused by the nonspecific
adsorption. Therefore, it is meaningful to develop a label-free, low-cost,
simple, and robust electrochemical method or profitable substitution of
natural enzymes to better meet the needs of SNV genotyping and early
diagnosis of related diseases.

Artificial enzymes, as an alternative to natural enzymes, have been
synthesized and applied to biosensor [21–23] for its label-free archi-
tecture, high efficiency, excellent stability, and lower cost. Recently, a
variety of nanomaterials, such as carbon nanomaterials [24,25], noble-
metal nanoparticles [26,27], metal oxide nanomaterials [28], and other
composites [29], have also been synthesized as artificial enzymes cat-
alysts (nanozymes) and exhibited conspicuous property of peroxidase-
like activity. For example, Zheng et al. [24] developed a graphene dots-
based enzyme mimetic with highly-efficient peroxidase-like catalytic
activity for biosensing. Dalui et al. [29] structured a colorimetric bio-
sensor based on a novel biomimetic catalyst of CuZnFeS alloy nano-
crystals with inherent peroxidase-like activity. Additionally, Cai et al.
[30] prepared a bimetallic Pt74Ag26 alloy nanoparticles supported on
ultrathin MoS2 nanosheets. Compared to monometallic nanoparticles,
Pt74Ag26 alloy nanoparticles often displayed enhanced catalytic activity
and stability due to its synergistic effect in bimetallic nanoparticles,
representing a simple and efficient approach for the synthesis of high-
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quality nanozymes. However, these nanozymes templated by inorganic
compounds generally have poor biocompatibility and need extra
modifications in the detection of biological molecules. It is worth noting
that DNA, a naturally water-soluble, low toxic and biocompatible bio-
molecule [31], was reported as a favorable platform to construct metal-
based nanocomposites for DNA biosensing and other application
[32–34] owing to a high affinity of the cytosine base (C-base) for metal
cation. Wu et al. [35] deposited DNA-templated silver nanoclusters as
electroactive label to measure telomerase activity. This method ro-
bustly and reliably amplified the signal and avoided signal-to-noise
interferences, displaying an effective approach to enhance the electro-
chemical signal by DNA-templated metallization. Zheng et al. [36] and
Fu et al. [37] also used single-stranded DNA template to synthesize Ag/
Pt bimetallic nanoclusters, which likewise showed the advantages of
the DNA-templated nanomaterials such as facile synthesis, excellent
biocompatibility and peroxidase-like activity. Obviously, the micro-
environment of DNA template is vital important to the accurate orga-
nization of metallic nanoparticles into sophisticated nanostructures,
and so has great effects on the stabilities and mimicking activity of
these nanoclusters. Meaningfully, Feng et al. [38] demonstrated a new
strategy to create a monometal-based nanocluster (AgNCs) in the pre-
defined position of CG.C+ base site by employing triplex DNA as tem-
plate. The AgNCs showed excellent homogeneity, site-specific nuclea-
tion and growth, and stability against salt, thus was potential to be
applied to nanomechanical, DNA origami and electronic applications.

Inspired by the above works, herein, a kind of Ag/Pt bimetallic
nanoclusters (to be termed triplex-Ag/PtNCs), was prepared by using a
triplex DNA template. As expected, the as-prepared triplex-Ag/PtNCs
exhibits advantages of homogeneity and excellent peroxidase-like ac-
tivity. Then, a label-free electrochemical biosensor based on this tri-
plex-Ag/PtNCs and locked nucleic acid (LNA) modified X-shaped DNA
probe proposed by our group [39] was engineered for the direct SNV
detection of β-Thal. This kind of X-shaped DNA probe or its analogues,
which were designed and optimized properly for targeting SNV se-
quences in the last few years, revealed high specificity and universality
[40–44]. Consequently, with the aid of signal enhancement of triplex-
Ag/PtNCs, specific recognition of the LNA modified X-shaped DNA
probe, and the merits of electrochemical biosensor, a desired detection
limit of 0.8 fM and a variant allele frequency (VAF) of 0.0001% for β-
Thal SNV assay were obtained.

2. Experimental

2.1. Materials

All oligonucleotides were synthesized by Sangong Biotech Co., Ltd
(Shanghai, China) and their base sequences were illustrated in Table S1
(see details in the Supplementary Information). The concentrations
were quantified by A260 based on their individual absorption coeffi-
cients, and all of them were HPLC purified. Silver nitrate (AgNO3),
sodium borohydride (NaBH4), 3,3,5,5-tetramethylbenzidine (TMB),
methylene blue (MB), H2O2 and trisodium citrate were purchased from
Sinopharm Chemical Reagent Company (Shanghai, China). Dipo-
tassium tetrachloroplatinate (K2PtCl4) was purchased from Adamas
Reagent Co. Ltd. (Damas-beta). Tris-(hydroxymethyl)-aminomethane
(Tris) was purchased from Cxbio Biotechnology Co. Ltd. (Denmark). 6-
Mercapto-1-hexano (MCH, 97%), hexaammineruthenium (III) chloride
(RuHex, 98%) were purchased from Sigma-Aldrich (USA). The buffer
solutions involved in this work were as follows: sodium citrate buffer
(10 mM, pH 7.0), DNA immobilization buffer (I-buffer, 10 mM Tris
+1.0 mM EDTA+0.5 M NaCl, pH 8.0). DNA hybridization buffer (H-
buffer, 10 mM Tris+1.0 mM EDTA+0.5 M NaCl+1.0 mM MgCl2, pH
7.0), MCH solution (2 mM MCH in water). All other chemicals were of
analytical grade and all solutions were prepared with MilliQ water
(18 MΩ ⋅ cm).

2.2. Instruments

UV melting curves were measured using a Hitachi Model 2450 UV/
Vis Spectrophotometer (Hitachi, Japan). Fluorescence spectra were
carried out on a Cary Eclipse Fluorometer (Agilent, USA). The TEM
images of the triplex-Ag/PtNCs were acquired on a JEM-1200EX
transmission electron microscope (TEM, JEOL, Japan). All electro-
chemical measurements were carried out in an IGS2000 electro-
chemical workstation (Guangzhou Ingsens Equipment, China). The
electrochemical system is consisted of a gold working electrode (GE,
2 mm in diameter), an auxiliary platinum wire electrode, and an Ag/
AgCl reference electrode. A glass cell with flat bottom was used as
detection cell.

2.3. Synthesis and characterization of triplex-Ag/PtNCs

Triplex-Ag/PtNCs were prepared by NaBH4 reduction of AgNO3 and
K2PtCl4 in aqueous solution. In brief, equimolar amounts of template
sequences (T1-b, T2-b and T3-b, see details in Table S1), AgNO3 solu-
tion and K2PtCl4 solution were mixed together in sodium citrate buffer.
After incubation in the dark for 10 min, a freshly prepared NaBH4 was
added and the mixture was allowed to react for 5 min at 45 °C. Then, the
product, i.e., triplex-Ag/PtNCs solution, was slowly cooled to ambient
temperature and stored in the dark at 4 °C for further use. Centrifugal
operation (13,500×g, 15 min) was carried out before use and the su-
pernatant was carefully collected. Herein, final concentrations were
5 μM for each triplex DNA template, 50 μM for AgNO3, 300 μM for
K2PtCl4 and 100 μM for NaBH4. UV melting curve of DNA, fluorescence
spectra, and TEM were measured for the study of formation and char-
acteristic of the as-prepared triplex-Ag/PtNCs. Triplex-AgNCs used as
the control group were also prepared with an identical preparation
procedure but without the addition of K2PtCl4.

2.4. Enzyme-mimic catalytic activity evaluation of triplex-Ag/PtNCs

The catalytic activity was evaluated on the basis of a catalytic oxi-
dation reaction of the TMB by H2O2 according to the literature [37].
That is to say, 10 μL of dispersion solution of triplex-Ag/PtNCs and
20 μL of 500 mM H2O2 were added into 130 μL of 200 mM acetate
buffer (pH 4.0), and then 40 μL of freshly prepared TMB solutions with
different concentrations were added. After reacting for 3 min, the
mixtures were scanned by UV/Vis spectrophotometer and the obtained
absorption curve indicated the catalytic activity of triplex-Ag/PtNCs.
The catalytic activity of triplex-AgNCs was compared under same
condition. Additionally, kinetic parameters of triplex-Ag/PtNCs were
determined on the basis of Michaelis-Menten equation and Lineweaver-
Burk plot.

2.5. Assembly of electrochemical biosensor and electrochemical
measurement

The GE was firstly polished with 0.3 and 0.05 μM Al2O3 suspension,
followed by ultrasonic cleaning in ethanol and water for 5 min, re-
spectively. Then it was electrochemically treated in fresh 0.5 M H2SO4

solution between −0.8 and + 1.5 V by cycling the potential until a
reproducible CV curve was observed. Finally, GE was rinsed with water
and blow-dried with nitrogen, waiting for the following assembly of X-
shaped probe. It is generally known that the reproducible formation of
high-quality self-assembled monolayer on gold depend largely on the
state of electrode surface. Electrochemical oxidation-reduction pre-
treatment in 0.5 M H2SO4 is a commonly used method to regenerate the
electrode surfaces, by removing any remaining impurities and produ-
cing a reproducible electrode surface with relatively low roughness
[45–47].

Afterwards, the pretreated GE was incubated in 2.5 μL of I-buffer
containing 0.3 μM thiolated Strand 1 (S1) for 1 h, subsequently in the
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MCH solution for 40 min to remove the adsorbed nonspecific oligonu-
cleotides on the GE surface. Then, 2.5 μL of different H-buffer solutions,
containing respectively Strand 2 (S2), Strand 3 (S3), and Strand 4 (S4),
were successively added to the GE surface and incubated for 1 h. The
concentrations for S2, S3, and S4 were 1 μM, 0.4 μM, and 0.6 μM, re-
spectively. After this, 2.5 μL of H-buffer solution containing target DNA,
was added to the GE surface and incubated for 1 h. Finally, 4 μL of 5 μM
triplex-Ag/PtNCs was added to the GE surface and incubated for 1 h.
Unless otherwise noted, washing and drying must be performed fol-
lowing each assembly steps and the incubation was achieved at room
temperature.

Electrochemical impedance spectroscopy (EIS) and cyclic voltam-
metry (CV) were used to monitor each assembly step of GE. EIS was
carried out in 0.1 M KCl, 10 mM Tris-HCl and 10 mM [Fe(CN)6]3-/4-

solution (pH 7.0) at a potential of 0.2 V in the frequency range of
0.1–105 Hz. A Nyquist plot (Z′ vs -Z″) was drawn to analyze the im-
pedance results. CV was measured in 10 mM Tris-HCl containing 30 μM
RuHeX at a scan rate of 500 mV/s with the potential ranging between –
0.5 and 0.1 V. SWV was applied to achieve electrochemical signal in
10 mM H2O2 before enrichment in 0.2 mM MB, and potential was
scanned from −0.6 to 0 V with the following parameters: frequency of
30 Hz, pulse size of 25 mV, and step size of 4 mV.

3. Results and discussion

3.1. Sensing principle of the electrochemical biosensor

The detailed principle of the assay strategy is illustrated in Fig. 1. In
this strategy, the as-prepared triplex-Ag/PtNCs was used as a signal
reporter for its enzyme-like activity, which would effectively catalyze
the hydrogen peroxide-mediated oxidation of MB, along with an
emerging electrochemical signal. As shown in Fig. 1A, the triplex-Ag/
PtNCs were synthesized by using DNA triplex as a template. In the case
of NaBH4 reduction, Ag (I) ion could specifically displace an N3 proton
of a cytosine in the CG.C+ base site of triplex DNA to form a new triplet
(CG.CAg+), which would stabilize the structure of triplex DNA [38].
Then Pt(0) growth would be triggered on the surface of AgNCs by the
galvanic replacement reaction between Pt(II) and Ag(0), and continue
by the in-situ reduction with NaBH4 [36]. In particular, one of the
single strands in the DNA triplex was much longer than others, which
would then hybridize with the proposed LNA modified X-shaped probe.
As shown in Fig. 1B, the X-shaped probe compromises four single-
stranded DNA. Among these strands, S1 was covalently attached on GE
surface through S–Au bonding and partially complementary to the tri-
plex-Ag/PtNCs (colored blue). And S4, containing a LNA modified
toehold domain, was partially complementary to the mut DNA (i.e.
target SNV of β-thal). In the presence of target, a toehold-mediated
strand displacement reaction (TMSDR) was initiated through the hy-
bridization between the target and the external LNA modified toehold
of S4, resulting in the dissociation of X-shaped probe into two parts,
complex 1 and complex 2, accompanying with the exposure of S1. The
complex 2, retaining on the surface of GE, would then hybridize par-
tially with the triplex-Ag/PtNCs, leading to the significant increase of
current signal due to high catalytic activity of the triplex-Ag/PtNCs.
However, in the absence of the target, this X-shaped probe was stable
and thus triplex-Ag/PtNCs cannot hybridize with S1, resulting in hardly
any current signal.

3.2. Characterization of triplex-nanoclusters

The fluorescence properties for the triplex-Ag/PtNCs and triplex-
AgNCs were compared. As shown in Fig. 2A, obvious fluorescence can
be observed from triplex-AgNCs. Moreover, fluorescent emission peaks
of the triplex-AgNCs sample were identical to each other over a range of
excitation wavelengths, which was unlike the red-shift of other DNA-
templated AgNCs systems, demonstrating the homogeneity or there

might be just one single species of AgNCs in the triplex-AgNCs. Com-
paring with the triplex-AgNCs, a nearly complete fluorescence
quenching was observed for the triplex-Ag/PtNCs (Fig. S1, Supple-
mentary Information). These results suggested that PtNCs were de-
posited uniformly on the AgNCs surface, and eventually resulted in the
fluorescence quenching of AgNCs [36]. TEM images (Fig. 2B) also
showed further evidence that the as-synthesized triplex-Ag/PtNCs were
well dispersed and roughly spherical, and the size distribution was
about 2 nm in average. The homogeneous nanostructure of triplex-Ag/
PtNCs was benefited from the DNA triplet, which can provide site-
specific nucleation and in-stiu growth for Ag/PtNCs, as well as con-
siderably decreased the danger of tangling for its much more rigid
structure than the two-strand or single-strand.

Melting temperature (Tm) is a useful physical property of nucleic
acids and gives information about the stability of DNA structure in a
specified environment, so the UV melting curves for both triplex-Ag/
PtNCs and triplex DNA without deposited Ag/PtNCs were measured,
respectively (Fig. 2A inset). It can be seen that there were two typical
melting transitions for both triplex-Ag/PtNCs and triplex DNA, which
respectively corresponded to the melting of triplex strands into a single
strand and a duplex, and then the duplex into two single strands. These
results indicated the formation of triplex DNA or triplex DNA retained
its integrity during the synthesis of Ag/PtNCs. Moreover, it was also
found that the melting temperature increased in the presence of Ag/
PtNCs, validating the Ag/PtNCs could effectively stabilize the structure
of triplex DNA.

3.3. Catalytic activity analysis of the triplex-Ag/PtNCs

It has been demonstrated in previous work that DNA-templated Ag/
PtNCs have intrinsic peroxidase-like activity. As expected, a strong
characteristic emission at 652 nm and 370 nm was observed for triplex-
Ag/PtNCs in the TMB-H2O2 system, accompanying with the color
change of solution (Fig. 3). In contrast, for the triplex-AgNCs prepared
under the same condition but without the addition of K2PtCl4, no
characteristic emission or color variation was observed, representing
the deficiency of catalytic activity for triplex-AgNCs. The peroxidase-
like activity of triplex-Ag/PtNCs was mainly attributed to the deposi-
tion of Pt onto AgNCs, and possible catalytic mechanism of the PtNCs
toward TMB/H2O2 was considered to be similar with conventional
HRP. In brief, H2O2 molecules were initially adsorbed on the surface of
PtNCs, and were activated to generate hydroxyl radicals (•OH). The
resulting •OH which could be stabilized on the surface of the PtNCs,
would react with TMB to form a blue color product [48].

To further evaluate the catalytic activity of triplex-Ag/PtNCs, the
influence of substrate concentrations upon reaction rates was also stu-
died using the dynamic method. The results showed that the relation-
ship between TMB concentrations and reaction rates followed
Michaelis-Menten model (Fig. S2A). In addition, a good linear corre-
lation (1/v = (150.869 ± 4.4073)/[TMB] + (1.524 ± 0.03762),
R2 = 0.9958) for Lineweaver-Burk plot (Fig. S2B) could be obtained,
which further indicated that the peroxidation of TMB catalyzed by
triplex-Ag/PtNCs was consistent with Michaelis-Menten kinetics. The
Km and Vmax of triplex-Ag/PtNCs obtained by using Lineweaver-Burk
double reciprocal plot were 120.9 μM and 0.312 μM s−1, respectively.
Some kinetic parameters of HRP and other metal-based peroxide mi-
mics were also listed in Table S2. Km value of triplex-Ag/PtNCs was
smaller than HRP signifying high affinity of the as-prepared nanozyme
for its substrate that helped in achieving a higher Vmax. The high cat-
alytic activity of Ag/PtNCs was mostly attributed to their homogeneous
and small size, as well as synergistic effect among Ag and Pt. The tri-
plex-Ag/PtNCs also displayed smaller or similar Km as well as higher or
similar Vmax compared with some other metal-based peroxide mimics,
suggesting it could act as a promising artificial nanozyme for the design
of various electrochemical biosensors on account of its low cost, easy
labeling and high stability.
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3.4. Electrochemical characterization of the sensor

In order to confirm X-shaped probe assembly process, EIS for bare
GE and different assembly stages of GE were firstly measured. As seen
in Fig. 4, the modified GEs showed growing eT resistance (Ret) after
more and more DNA strands were assembled on the surface of GE. This
was due to the fact that more DNA strands resulted in a much denser
negative charges on the GE surface, and so generated a much stronger
electrostatic repulsion between GE surface and [Fe(CN)6]3-/4-. The re-
sults of CVs (showed in Fig. S3) were consistent with that of EIS, sug-
gesting that the X-shaped probe indeed assembled as expected. It also
could be found that the eT resistance decreased by the addition of target
SNV (Curve e, Fig. 4), which was caused by the TMSDR and the con-
sequent dissociation of some X-shaped probes. Furthermore, SWV was
also implemented for different modified electrode to validate the fea-
sibility of our strategy, As shown in Fig. 4 inset, the remarkable current
value was only observed for the target + triplex-Ag/PtNCs + X-shaped
probe modified GE, yet only very slightly current signals were observed
for both triplex-Ag/PtNCs + X-shaped probe modified GE and X-shaped

probe modified GE. The results also verified the principle that TMSDR
can only be achieved by the addition of target, which brought about the
dissociation of X-shaped probe and linking of triplex-Ag/PtNCs, and
finally signal enhancement of sensing platform.

3.5. Sensitivity for SNV detection

In order to gain an insight into the sensitivity of the electrochemical
biosensor, the SWV spectra were recorded upon the addition of target
mut DNA at varying concentrations under the optimized experimental
conditions. As shown in Fig. 5, there was nearly no current signal was
observed in the absence of mut DNA, while obvious current signal was
observed when the concentration of mut DNA was 1.0 fM, indicating
the high signal-to-background of this strategy. It was observed that the
current values was linearly related to logarithmic concentration of mut
DNA in the wide range from 1.0 fM to10.0 nM (Fig. 5 inset). The fitting
equation was y = (0.985 ± 0.00927) x+(1.1728 ± 0.04499)
(R2 = 0.9988), where y was the current value, x was the logarithmic
concentration (LogC). The detection limit was calculated to be 0.8 fM

Fig. 1. Schematic illustration of (A) triplex-Ag/PtNCs synthesis protocol, and (B) electrochemical detection of SNV based on the triplex-Ag/PtNCs and LNA modified
X-shaped DNA probe.
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when the signal-to-noise ratio was 3. The good sensitivity of this
method could be attributed to the introduction of triplex-Ag/PtNCs as a
signal amplification resource, which enhanced the current value dra-
matically due to its steady catalytic activity. The detection range and
detection limit comparing with other works were also listed in Table S3.
In addition, the relative standard deviation (RSD) of 3 different sensors,
which were measured on the same electrode for the detection of 10 pM
was 2.4%. And the RSD for three different electrodes was 7.7%, which
is agreeable to instrumental analysis.

3.6. Specific discrimination of wt DNA and mut DNA

High specificity is another critical aspect to estimate an analysis
method. In order to interrogate the specificity of the proposed method,
SWV was also implemented for some control DNA solutions, including
mut DNA, wt DNA, random DNA, and no DNA. As shown in Fig. 6, the
remarkable current value was only observed for the complete com-
plementary mut DNA, and the almost negligible current values were
observed for blank, random DNA, and even for wt DNA with one-base

mismatched. The current signal intensity for 10 nM mut DNA was al-
most 15 times higher than that for wt DNA at the same concentration. It
was apparently that the TMSDR was only achieved by using strand
exactly matched with mut DNA. To further investigate the ability to
discriminate between the mut DNA and the normal wt DNA, some
mixed DNA samples, including wt DNA and mut DNA at different molar
ratios of 1000,000:1, 100,000:1, 10,000:1, 1000:1, 100:1 and 10:0
(blank) with a total concentration of 10 nM, were prepared and sub-
sequently served as the tested object. From Fig. 6 inset, it can be seen
that the current signals dynamically increased with the growing con-
centration of mut DNA in mixed DNA samples. Even at a concentration
ratio as low as 1000,000:1, be equivalent to the 0.0001% variant allele
frequency (VAF) of β-Thal, positive control signal can still be identified
from the blank by using this sensor. These experimental results in-
dicated a good selectivity of the proposed sensor in the analysis of a rare
point mutation even in the presence of a large excess of wide types,
which can satisfied well the analysis of real sample. The specificity was
benefited from the architecture of X-shaped probe and improved further

Fig. 2. (A) Fluorescence spectra of triplex-AgNCs obtained at different excitation wavelength (from a to i): 420, 430, 440, 450, 460, 470, 480, 490 and 500 nm
respectively. Inset: UV melting curve for triplex-Ag/PtNCs (a), and triplex DNA without deposited Ag/PtNCs (b). (B) TEM images of the triplex-Ag/PtNCs.

Fig. 3. The UV/vis spectra of blank (a), triplex-AgNCs (b), and triplex-Ag/
PtNCs (c). Inset: The color change of TMB-H2O2 system for blank (a), triplex-
AgNCs (b), and triplex-Ag/PtNCs (c). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this
article.)

Fig. 4. Nyquist plot of bare GE (a), the S1 modified GE (b), the S1+S2 modified
GE (c), the S1+S2+S3 modified GE (d), the target + X-shaped probe modified
GE (e), and the S1+S2+S3+S4 modified GE (f). [Fe(CN)6]3-/4-] = 10 mM,
[KCl] = 0.1 M. Inset: SWVs obtained from X-shaped probe modified GE (a),
triplex-Ag/PtNCs + X-shaped probe modified GE (b), and target + triplex-Ag/
PtNCs + X-shaped probe modified GE (c). Frequency 30 Hz, pulse size 25 mV,
and step size 4 mV.

F. Wu, et al. Talanta 207 (2020) 120257

5



by LNA integrated into the probe, which had been studied in our pre-
vious work [39]. In this work, the LNA modified X-shaped probe was
further applied in electrochemical sensors, and its specificity was con-
firmed again.

4. Conclusion

In summary, a site-specific and homogeneous triplex-Ag/PtNCs was
synthesized using triplex DNA as template, and displayed good perox-
idase-mimic activity. On this basis, a label-free electrochemical bio-
sensor combining the merits of the triplex-Ag/PtNCs and LNA modified
X-shaped DNA probe was developed for the SNV detection of β-Thal,
with a detection limit of 0.8 fM and 0.0001% VAF. As far as we know,
this was the first attempt to synthesize and apply a triplex DNA-tem-
plated Ag/Pt nanoclusters as a signal reporter in the field of

electrochemical DNA biosensor, which may represent a promising path
toward an attractive signal resource in electrochemical sensor, nano-
medicine and other fields. Meanwhile, we also realized that further
studies are required to improve its performance. On one hand, the
position of the CG.C+ base site in triplex DNA could affect the species of
Ag/PtNCs. For example, discrete CG.C+ triplet preferred to form dis-
crete Ag(0) atom rather than AgNCs, which would finally affect the
mimic activity of nanoclusters (see Fig. S4). On the other hand, the
number of the CG.C+ triplet could also affect the mimic activity (see
Fig. S5). Normally, the mimic activity of triplex-Ag/PtNCs should in-
creased with the increasing number of the CG.C+ triplet, but long
template length would be unfavorable for the hybridization in elec-
trochemistry because of the steric hindrance. In view of this, triplex-b
DNA possessing moderate CG.C+ number and strand length was se-
lected as template in this work. In addition, the strategy might be a
potential candidate for the early diagnosis of β-thalassemia or other
gene-related diseases due to its sensitivity, specificity, and easy opera-
tion.
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