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Abstract
A fluorometric method is described for nucleic acid signal amplification through target-induced catalytic hairpin assembly with DNA-
templated copper nanoparticles (Cu NPs). The toehold-mediated self-assembly of three metastable hairpins is triggered in presence of
target DNA.This leads to the formation of a three-way junction structurewith protrudingmononucleotides at the 3′ terminus. The target
DNA is released from the formed branched structure and triggers another assembly cycle. As a result, plenty of branched DNA
becomes available for the synthesis of Cu NPs which have fluorescence excitation/emission maxima at 340/590 nm. At the same time,
the branched structure protects the Cu NPs from digestion by exonuclease III. The unreacted hairpins are digested by exonuclease III,
and this warrants a lower background signal. The method can detect ssDNA (24 nt) at low concentration (44 pM) and is selective over
single-nucleotide polymorphism. On addition of an aptamer, the strategy can also be applied to the quantitation of thrombin at levels as
low as 0.9 nM.
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Introduction

Nucleic acid are promising biomaterials in well-defined nano-
structure construction [1]. Utilizing the “bottom-up” self-
assembly strategy, several different kinds of dimension DNA
nanostructure are obtained that with distinct advantage in vivo
and vitro application [2]. Such as the long nicked double-
stranded DNA with repeating units, a typical one dimension
DNA structure, is obtained through the cascade hybrid chain
reaction (HCR) between two metastable hairpins [3], which ben-
efit the signal amplification and payload delivery [4]. The other
impressing framework structures, including two-dimension
DNA origami and three-dimension DNA tetrahedron, are also
favored by researchers for their extraordinary performance in
interfacial engineering and molecular recognition [5]. However,

to implement all these multifunctional applications, an appropri-
ate labeling is required, which resulting high-cost and time-
consuming purification process. Thus, a more efficient method
for the fabrication of functional DNA nanostructure is highly
desirable.

DNA metallization is an effective approach for functional
DNA materials fabrication [6]. Through the in situ reduction,
various kinds of metal nanomaterials are formed on the DNA
template. It is worth noting that the metal nanoclusters possess
unique optical, electrical and biological properties that en-
abling the widely-range application in the field of sensing,
catalysis and imaging [7]. More importantly, recent studies
reveal that there is a significant correlation between these prop-
erties and the structure of DNA template [8]. Inspired by the
assembly of dendrimer-like DNA structure, as a basic building
blocks, the branched DNA structure can construct a multifunc-
tional materials in a “plug-and-play” approach as well as sta-
bilize the metal nanocluster [9–11]. Based on the classic
branched DNA, the silver nanoclusters (Ag NCs) were suc-
cessfully synthesized on the X-shape and Y-shape DNA [12].
With adding the crossing-linker, the temperature responsive
fluorescent hydrogel was formed through the assembly of Y-
shape Ag NCs [13]. The Ag-NC hydrogel was also exhibited
tunable fluorescent properties by changing the nucleated
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sequences in Y-shape template. Owing to the advantage of
branch structure materials in spatial distribution, the
dendrimetric DNA structure was chose as scaffolds for the
precisely arrangement of Ag NCs [14]. These super-Ag NCs
were not only possess tunable fluorescent properties but also
shown excellent biocompatibility with tissue cells. To date, all
these metallized branched DNA structures are based on Ag
NCs in which other metal nanoparticles are rarely reported.

In addition, compared with the statically regulation,
the DNA nanostructure constructed through the dynamic
self-assembly is more attractive in sensing application
[15]. Especially, considering the sensitivity of the meth-
od, many hairpins assemble into long ds DNA polymer
via HCR process is an effective method to obtain signal
enhancement [16]. Embedding the template sequence in
the hairpins, the Ag NC functional nanowires were
formed as signal tag for the ultrasensitive detection of
protein and micro RNA [17, 18]. Nevertheless, more
than two hours incubation time for the synthesis of
Ag NC is the big challenge for quick detection [19].
In that case, due to its quick preparation, DNA-
templated copper nanoparticles (Cu NPs) is an alterna-
tive signal indicator for the fluorescent bioassay
[20–22]. It is reported that the product of HCR is suit-
able as the efficient template for the synthesis of Cu
NPs [23]. To reduce the background signal, an extra
magnetic separation step is needed to remove the hair-
pins that do not take part in the HCR process [24].

Herein, we have constructed a target-induced catalytic hair-
pin assembly (CHA) to form branched DNA structure for the
synthesis of Cu NPs. The rational design of the three metasta-
ble hairpins guarantee the in situ formation of Cu NPs through
the toehold mediate strand displacement reaction (SDR) in
presence of exonuclease III. The signal amplification mecha-
nism of CHA is also benefit from the selective digestion of
exonuclease III that enabling lower background signal.
Furthermore, the synthesis strategy of the Cu NPs can be
applied for protein detection through regulating the active of
toehold domain. To the best of our knowledge, this is the first
time to synthesis Cu NPs based on branched DNA structure,
which formed through dynamic DNA nanotechnology.

Materials and methods

Reagents and apparatus

All oligonucleotides used in this study were synthesized and
ULTRAPAGE purified by Sangon Biotech Co., Ltd. (http://
www.sangon.com Shanghai, China). Sequences of the
synthesized oligonucleotides are given in Supporting
Information Table S1. Thrombin, trypsin, casein, bovine
serum albumin, lysozyme, and 3-(N-morpholino)

propanesulfonic acid (MOPS) were purchased from Sigma-
Aldrich (https://www.sigmaaldrich.com/ St. Louis, MO).
Exonuclease III (Exo III) ordered from Thermo Fisher
Scientific Inc. (https://www.thermofisher.com/ Shanghai,
China). All chemical reagents were of analytical grade and
used without further purification. All solutions were prepared
with ultra-pure water (18.25 MΩ·cm) from a Millipore system.
Transmission electron microscope (TEM) was measurement
performed on JEM-2100 instrument (https://www.jeol.co.jp/
en/ JEOL Ltd., Japan) at an acceleration voltage of 200 kV.
The UV spectrum was recorded on a TU-1901 spectrometer
(http://www.pgeneral.com/Persee, Beijing, China). The
fluorescence spectrum was measured on a RF-6000 spectrom-
eter (http://www.pgeneral.com/Shimadzu, Japan) with 10 nm
band-pass spectrometer slits and scanning rate at 600 nm per
min in the range from 510 to 640 nm. X-ray photoelectron
spectra (XPS) was recorded on an ESCALAB 250Xi system
(Thermo Scientific). Gels were imaged by using a ChemiDoc
X-ray diffraction (XRD) system (Bio-Rad). All optical mea-
surements performed at room temperature under ambient con-
ditions, and the fluorescence emission intensity measured at
590 nm with excitation wavelength at 340 nm.

Preparation of fluorescent cu NPs on the branched
DNA template

Three hairpin strands (H1,H2, andH3)were annealed in reaction
buffer (20 mM Tris-HCl,100 mM NaCl, 25 mM KCl, 10 mM
MgCl2, pH = 8.0) at 95 °C for 5 min and cooled down to room
temperature for further use over 4 h. 10 μL of target DNA at
different concentrations was incubated with 30 μL of three
annealed hairpin strands (H1, H2, and H3, each was 700 nM)
in 95 μL reaction buffer at 25 °C for 60 min. Subsequently, 5 μL
Exo III (20 U μL−1) was added to the mixture at 25 °C for
another 40 min incubation. After enzyme digestion, the products
were diluted to 380 μL with MOPS buffer (10 mM MOPS,
150 mM NaCl, pH 7.6). Finally, the 2 mM ascorbate and
200 μM Cu2+ were added to give a final volume of 400 μL
and was allowed to react 10 min before fluorescence
measurement.

Procedure for the thrombin detection

Pretreated H1, H2, and H3 hairpin strands were prepared as
above. For the thrombin detection, 100 nM probe was mixed
with 400 nM Block DNA in 25 μL of reaction buffer at room
temperature for 30 min. Then, 40 μL of thrombin at different
concentrations was added to the mixture and incubated at
37 °C for 60 min. Then, three annealed hairpin strands
(10 μL of each strands) were added to the above solution and
was incubated for another 60 min. Subsequently, 5 μL Exo III
(20 U μL−1) was added to the mixture at 25 °C and was incu-
bation for 40 min. After enzyme digestion, the products were
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diluted to 380 μLwithMOPS buffer (10 mMMOPS, 150 mM
NaCl, pH 7.6). Finally, the 2 mM ascorbate and 200 μMCu2+

were added to give a final volume of 400 μL and was allowed
to react 10 min before fluorescence measurement.

Agarose gel electrophoresis

Gel electrophoresis analysiswas performed on 3% (w/w) agarose
gels containing 0.5 μg mL−1 SYBR Gree I and 0.5 μg mL−1

bromophenol blue running in 1× TAE buffer at room tempera-
ture. The electrophoresis was performed at a constant potential of
100 V for 50 min after loading 10 μL of each sample into the
lanes.

DNA and thrombin detection in human serum

For the real biological sample analysis, the human serum was
diluted 100 folds with reaction buffer. Before the detection
procedure, different concentrations of DNA and thrombin
were spiked in the diluted serum. Three duplicate measure-
ments were performed for all samples. All analytical proce-
dures were identical to those mentioned above.

Results and discussions

Synthesis and characterization of cu NPs

The principle of the designed strategy is illustrated in
Scheme 1A. Three metastable hairpins, with protruding 5′
ends and recessed 3′ ends, are selected as the building blocks
to form the branchedDNA structure through toehold mediated
catalytic hairpin assembly. A DNA segment with toehold do-
main is used as a proof-of-concept nucleic acid target. The

domain a* of target hybridizes to the toehold of H1 that initiate
branchmigration through the SDR, resulting the Target-H1 com-
plex where the domain b* of H1 is exposed. Then, the exposed
domain b* hybridizes to the toehold of H2, which opens the H2
and reveals the domain c* of H2. Through the exposed domain
c*, the H3 is proceed hybridized and displaced the target to form
a three way-junction structure (3WJ). Finally, the released target
triggers a new cycle of catalytic assembly and much more 3WJ
structures are formed. The formed 3WJ structures with protrud-
ing 3′ ends that inhibit the digestion of ds DNA in presence of
ExoШ [25]. By sequentially adding ascorbate and copper ions,
the fluorescent Cu NPs can be synthesized in situ on these 3WJ
structures. In contrast, in the absence of target, three metastable
hairpins are hydrolyzed by ExoШ and no Cu NPs are formed.

To verify the successfully synthesis of Cu NPs on the
branched DNA structure, a series of characterization was per-
formed on the nanoparticles. As shown in Fig. 1a, the TEM
image represents the Cu NPs with uniform morphology and
well monodisperse. The high-resolution TEM image exhibits
well crystal lattice structure of Cu NPs at a magnified obser-
vation. According to calculate the size distribution, the Cu
NPs show narrow size distribution in the range from
1.68 nm to 4.25 nm with an average size of 2.28 ± 0.56 nm
(Fig. 1b). The branched DNA template, the three way-
junction structure, bears three dsDNA domains that available
for the synthesis of typical dsDNA-templated fluorescent Cu
NPs [20]. As a consequence, the synthesized Cu NPs present
an obvious red emission at 590 nm when excited at the
340 nm absorbance band, which are consistent with previous
reports (Fig. 1c) [26]. The Cu oxidation state was analysis by
the X-ray photoelectron spectroscopy (XPS). As depict in Fig.
1d, two peaks at 932 and 952 eVare assign to the feature 2p3/2
and 2p1/2 binding energy of Cu atom, respectively, which
indicate the successfully synthesis of Cu NPs [27].

Scheme 1 Schematic Illustrates
Target-induced Catalytic Hairpin
Assembly in situ Formation of
DNA-Templated Copper
Nanoparticles
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The well-fabricated 3WJ structure is the premise of the
synthesis of Cu NPs. Agarose gel electrophoresis analysis
was carried out to investigate the mechanism of catalytic hair-
pin assembly for the construction of branched DNA template
(Fig. S1). The 3WJ structure is formed through the toehold
mediated strand displacement cascade reaction with three
hairpins as the fuel strand. The gel results confirmed that, in
presence of target, the 3WJ structure were formed when three
hairpins were present, which resulting a slowly motion rate of
the smear band (lane 4). There is no different of the motion
rate between the other two intermediate complexes of the
CHA reaction (lane 2 and lane 3). On the contrary, in the
absence of target, the motion rate of three hairpins (lane 5) is
the same as that of H1 only (lane 1), which illustrate the
branched DNA structure were rarely formed. Due to the vul-
nerable system of multiple strand displacement, a minimal
leakage phenomenon is present in lane 5, which resulting from
the undesirable cross-catalysis [28].

Branched DNA-templated cu NPs formation triggered
by nucleic acid

Owing to the high efficiency signal amplify of CHA, the sen-
sitive detection of target DNA is benefit from the synthesis
strategy of branched DNA-templated Cu NPs. To study the
feasibility of nucleic acid sensing, the fluorescence responsive
of this system at different conditions were investigated. As

shown in Fig. 2a, in present of three hairpins, this system
exhibits strong fluorescence emission at 590 nm (curve a).
Upon the addition of Exo Ш, the fluorescence intensity was
significant decreased, which indicated the hairpin templates
were digested (curve b). In present of target, the toehold me-
diated CHA was triggered and formed intermediate complex
of T-H1-H2, resulting a slightly fluorescence recovery (curve
c). A dramatic fluorescence enhancement was obtained when
three hairpins and target were co-existence in the sensing sys-
tem (curve d), which demonstrate the branchedDNA structure
protected CuNPs from the destruction of ExoШ. On the other
hand, the background signal of the sensing system was de-
creased by Exo Ш and a higher sensitivity was gained. All
these results suggested that the synthesis of Cu NPs on the
branched DNA template was available for the detection of
trigger DNA via signal amplification.

In order to achieve the best performance of the sensing
system, several experimental conditions including the reac-
tion temperature and time of the CHA and the concentration
of hairpin strands and Exo Ш were optimized. This toehold
mediated strand displacement reaction is highly dependent
on the incubation temperature, which accelerate the reaction
efficiency as well as reduce the undesirable cross-catalysis
between hairpins. As shown in Fig. S2, five typical temper-
atures commonly used in nucleic acid bioassay were chose
to investigate the fluorescence responsive. The maximized
fluorescence responsive was achieved at 25 °C, and further

Fig. 1 a TEM image of Cu NPs.
Insert: The high-resolution TEM
image of the crystals structure of
formed Cu NPs. b The size dis-
tribution of Cu NPs. c Spectrum
characteristic of Cu NPs. d XPS
spectrum of Cu NPs
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increased temperature would affect the stability of unreactive
hairpins leading higher background signal. According to the
fluorescence responsive of sensing system, the time of CHA
and the concentration of hairpins were set as 60 min and
700 nM, respectively. In our design, due to the highly selec-
tive of that toward a blunt or recessed 3′ terminus, the Exo
Ш do not can only discriminate the hairpin-templated and
branch structure-templated Cu NPs but also effective reduce
the background signal. Thus, 100 U Exo Ш was selected for
the further experiment. Under the optimal experimental con-
dition, the sensitivity of the method was investigated. As
shown in Fig. 2b, the fluorescence intensity gradually in-
creased with increasing the concentration of target, indicat-
ing that abundant branched DNA-templated Cu NPs were
formed. The calibration plot obtained for the determination
of target DNA with different concentrations is shown in Fig.
2c, and a liner relationship between the difference of fluo-
rescence intensity (ΔF) and the concentration of target DNA
from 0.1 to 2.0 nM (R2 = 0.9848) was obtained. The detec-
tion limit was calculated to be 44 pM according to the
signal-to-noise ratio of three. The selectivity of the method
was evaluated by detecting single nucleotide polymorphism
(Fig. 2d), only the target DNA resulted significant fluores-
cence responsive than that of other mismatch strands. It can
be concluded that method has capability to distinguish even
single base mismatch. Considering the sample matrix effect,
the recovery of the assay was detected in the spike human
serum samples. Three concentrations of the target (0.5, 1

and 2 nM) were spiked into 1% human serum. The recovery
values were in the range of 99.01–114.57% (Table S2), in-
dicating that the method is capable of analyzing real biolog-
ical samples without interference.

Toehold regulate the formation of cu NPs
for the detection of thrombin

Hitherto, many reports have been demonstrated that the toe-
hold domain of trigger DNA is the key factor that control the
kinetics of strand displacement reaction [29]. It is supposed
that control the activation of the toehold would realize the
non-nucleic acid target sensing through allosterically regulat-
ed the probe. As shown in Scheme 2, a sequence of thrombin
aptamer was embedded in the 3′ end of the trigger DNA. To
inactive the toehold domain, in the absence of thrombin, a
blocker DNA was designed to make them double strand.
Formation of aptamer-thrombin complex can active the toe-
hold domain of thrombin probe and trigger the subsequent
CHA process to form fluorescent Cu NPs.

To validate our design, the typical fluorescence profile of
sensing system was recorded with different trigger inputs. As
shown in Fig. 3a, an obvious florescence responsive was ob-
tained with the probe sequence as an input, which indicating
the probe enable to trigger the CHA and form Cu NPs (curve
a). When the blocker was added to make double strand, the
hybridization of complementary domain served to inactive the
toehold that resulting in a decrease in fluorescence intensity

Fig. 2 a The fluorescence
responsive of the Cu NPs
synthesis under different
conditions. a H1 +H2 +H3; b
H1+H2 +H3 + Exo Ш; c T +
H1 +H2 + Exo Ш; d T +H1 +
H2 +H3 + Exo Ш. b
Fluorescence emission spectra at
different target concentrations (0,
0.1, 0.5, 1, 1.5, 2, 5, 10, 15, and
20 nM) c Relationship between
the ΔF and the concentration of
Target. The inset shows the linear
relationship over the
concentration range from 0.1 to
2 nM. d Selectivity of target DNA
analysis. Concentration of H1,
H2, and H3: 700 nM; ExoШ
concentration: 100 U; the
concentration of target DNA and
other mismatch strands were all
2 nM

Page 5 of 8 760Microchim Acta (2019) 186: 760



(curve b). Upon the addition of thrombin, the duplex DNA
was disturbed by the thrombin-aptamer complex and the re-
active toehold was further induced dramatic fluorescence en-
hancement (curve c). These results demonstrate this toehold
mediated CHA induced Cu NPs synthesis can be expanded to
the thrombin detection.

To achieve better signal to background ratios, the base
length of the blocker and the molar ratio between the probe
sequences and blocker were optimized (Fig. S3). Under the
optimal condition, the fluorescence responsive of sensing
system was increased with the increasing concentration of

thrombin in the range from 1 to 50 nM (Fig. 3b). The linear
regression equation can be expressed as follows: F (a. u.) =
22.76 Cthrombin-10.22 with a correlation coefficient of 0.996
(Fig. 3c). Additionally, the detection limit of the present
strategy for thrombin was estimated to be as low as
0.9 nM according to the 3σ criteria. Compare with other
reported methods, our strategy shows comparable analysis
performance (Table 1). Especially for the materials used in
the reference method, most of them require time-consuming
conjugation process and complex synthesis environment
(high temperature, organic solvent, etc.) that restricting the

Fig. 3 a The fluorescence profile
of the sensing system. a Probe; b
Probe+Bloker-2; c Probe+Bloker-
2 + 15 nM thrombin. b
Fluorescence emission spectra at
different thrombin concentrations
(0, 1, 2, 5, 8, 10, 15, 20, 35, and
50 nM) c Relationship between
the ΔF and the concentration of
thrombin. The inset shows the
linear relationship over the
concentration range from 1 to
20 nM. d Selectivity of thrombin
analysis. Concentration of Probe
and Blocker-2 were 100 and
400 nM, respectively;
Concentration of H1, H2, and H3:
700 nM; ExoШ concentration:
100 U; the concentration of
thrombin and other proteins were
15 nM and 150 nM, respectively

Scheme 2 Schematic illustrates the detection of thrombin using the in situ Formation of DNA-Templated Copper Nanoparticles.
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application of such methods. As contract, branched DNA
templated Cu NPs shows advantage in high-efficient prepa-
ration, good fluorescent properties, and environmental
friendliness. The last but the most, this branched DNA tem-
plated Cu NPs is convenient to integrate with other recogni-
tion unit, such as aptamer or DNAzyme based recognition
capability and entropy drove signal amplification.
Furthermore, four kinds of protein with 10-fold concentra-
tion than that of thrombin were selected for exploring the
selectivity of the method. As shown in Fig. 3d, the more
fluorescence enhancement was achieved on thrombin than
that of other proteins, which demonstrate the selective rec-
ognition for the thrombin of this method. The recovery assay
was also studied in the spike human serum samples. Three
concentrations of the thrombin (10, 15 and 20 nM) were
spiked into 1% human serum. The satisfactory recovery
values were obtained in the range of 103.34–112.63%
(Table S3) that revealed the tolerability of this method to-
ward the interference from real biological samples. Despite
good analytical performance of our method, the catalytic
hairpin assembly process is still time-consuming due to its
highly dependent on the local concentration of hairpin. Thus,
to short the analysis time, the signal amplify method with
high efficiency is yet needed to investigate in further work.

ECL: electrochemiluminesence; GO: graphene oxide; 3D-
NGO: Three-dimensional nitrogen-doped graphene oxide.

Conclusions

A dynamic hairpin assembly to form a branched DNA tem-
plate for the synthesis of fluorescent Cu NPs has been con-
structed. The branched DNA structure can be readily synthe-
sized by a DNA segment triggered catalytic hairpin assembly
of three metastable hairpins. Taking advantage of rationally
design, with the aid of Exo Ш, the branched DNA templated
Cu NPs can also be used as an indicator for the detection of
nucleic acid and protein via signal amplification. This strategy
also exhibits excellent performance in real biological sample
detection. Given that the branched DNA template employed
in this strategy can be flexible design, its combing with func-
tional nucleic acid should enable the preparation of

fluorescent DNA hydrogel. Moreover, in situ controlled syn-
thesis of metal NPs on DNA nanostructures would ultimately
pave the new way to explore the energy transfer and DNA
circuits.
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