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ABSTRACT: We have developed a label-free method for sequence-specific DNA detection based on surface plasmon enhanced
energy transfer (SPEET) process between fluorescent DNA/AgNC string and gold nanoparticles (AuNPs). DNA/AgNC string,
prepared by a single-stranded DNA template encoded two emitter-nucleation sequences at its termini and an oligo spacer in the
middle, was rationally designed to produce bright fluorescence emission. The proposed method takes advantage of two strategies.
The first one is the difference in binding properties of single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA)
toward AuNPs. The second one is SPEET process between fluorescent DNA/AgNC string and AuNPs, in which fluorescent
DNA/AgNC string can be spontaneously adsorbed onto the surface of AuNPs and correspondingly AuNPs serve as
“nanoquencher” to quench the fluorescence of DNA/AgNC string. In the presence of target DNA, the sensing probe hybridized
with target DNA to form duplex DNA, leading to a salt-induced AuNP aggregation and subsequently weakened SPEET process
between fluorescent DNA/AgNC string and AuNPs. A red-to-blue color change of AuNPs and a concomitant fluorescence
increase were clearly observed in the sensing system, which had a concentration dependent manner with specific DNA. The
proposed method achieved a detection limit of ∼2.5 nM, offering the following merits of simple design, convenient operation,
and low experimental cost because of no chemical modification, organic dye, enzymatic reaction, or separation procedure
involved.
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■ INTRODUCTION

Over the past decades, noble nanoscale metals have attracted
considerable scientific interests in a variety of application areas,
including sensing, biomedicine, and optics.1−3 According to the
different size, noble nanoscale metals can be roughly divided
into three categories: bulk nanoparticles, small nanoparticles,
and nanoclusters. In contrast to the bulk and small noble metal
nanoparticles (NMNPs), noble metal nanoclusters (NMNCs)
(e.g., Ag, Au, and Pt) consist of several to even one hundred
with the size comparable to the Fermi wavelength of
conduction electrons, offering the missing link between metal
atoms and nanoparticles.4 In this size regime, metal nano-

clusters have possessed dramatically different optical, electronic,
and chemical properties as compared to those of much larger
nanoparticles because of the electronic transitions between
molecule-like energy levels.5,6 Significantly, these nanoclusters
have displayed intense size-dependent fluorescent emission
upon photoexcitation in the UV−visible range.
Among these molecule-scale nanoclusters, silver nanoclusters

(AgNCs) have been widely exploited because of their attractive
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features of excellent brightness and high fluorescence quantum
yield, tunable fluorescence emission, and good photostability.7

In particular, water-soluble DNA-scaffolded AgNCs (DNA/
AgNCs), first reported by Braun and co-workers in 1998,8 are
highly fluorescent, more photostable, and cost-effective to
synthesize, and have found a wide applications in cellular
imaging, biological labeling, and chemical/biological sensing in
recent years.9−13 It has proven that the fluorescence emission
property of DNA/AgNCs is sensitive to the DNA template in
its base, base sequence, and length, and can be dramatically
altered ranging from visible to near-IR under change in either
emitter or its nearby sequence.14−16 Usually, DNA/AgNCs
have been employed as fluorophores directly to detect various
analytes, such as metal ions,17,18 ochratoxin A,19 micro-
RNAs,20−23 cancer cells,24 and proteins,25 and to develop
logic devices.26 Differently, Yeh and co-workers reported an
interesting phenomenon that dark DNA/AgNCs could be
transformed into bright red-emitting clusters with ∼500-fold
fluorescence enhancement when placed in proximity to
guanine-rich (G-rich) overhang.27 On the basis of the
superiority of ultrahigh signal-to-background ratio, a few
fluorescence turn-on designs have been developed by
manipulating the distance between the DNA/AgNCs and G-
rich DNA.28−32 Enlightened by the fluorescence light-up
phenomenon of DNA/AgNCs via hybridization upon G-rich
DNA activator, we recently reported a new mode to light up
adjacent, dark DNA/AgNC probes.33 We found that there was
a stronger fluorescence enhancement up to ∼1500-fold when
two dark DNA/AgNCs were placed together to form a probe
pair through their complementary sequences. Based on this
finding, we wonder whether there is fluorescence enhancement
when two dark AgNCs are simultaneously scaffolded with the
same DNA template, located at each end of the DNA template.
It was observed that the silver nanoclusters (named DNA/
AgNC string) also displayed a bright fluorescence emission,
which provides a new form of fluorescent AgNCs.
Gold nanoparticles (AuNPs) are well-known for their

ultrahigh fluorescence quenching capability upon the organic
dyes. In 2001, Dubertret and co-workers first designed an
AuNP-based molecular beacon by employing a stem-loop
structure tagged with a fluorophore and 1.4 nm diameter AuNP
as a quencher.34 After that, AuNPs functionalized with dye-
labeled DNAs have been extensively utilized to develop
fluorescent biosensors via the strong adsorption between
AuNPs and fluorescent dyes.35−38 It has been reported that
specific surface plasmon resonance (SPR) characteristics

supported by NMNPs triggered strong fluorescence quenching
behavior via surface plasmon-enhanced energy transfer
(SPEET) between NMNCs and NMNPs, such as gold
nanocluster (AuNCs) and AuNPs or silver nanoparticles
(AgNPs).39,40 Similar to Förster resonance energy transfer
(FRET) via dipole−dipole interaction of molecular donor and
acceptor, SPEET belongs to the dipole−surface interaction
between the molecular metal nanocluster and nanoparticle due
to large surface-to-volume ratio in nanometal surface.41 In this
work, we have combined the fluorescent DNA/AgNC string
and ultrahigh fluorescence quenching capability of AuNPs to
develop a rapid, label-free method for specific DNA detection
via the mechanism of SPEET process. The SPEET process
takes place as followed, the proposed fluorescent DNA/AgNC
string electrostatically binds onto the surface of unmodified
AuNP colloid, and correspondingly AuNPs serve as “nano-
quencher” to quench the fluorescence of DNA/AgNC string. It
is well-known that flexible ssDNA is easily adsorbed onto
unmodified AuNP colloid and prevents salt-induced AuNP
aggregation because of strong interparticle electrostatic
repulsion between ssDNA-adsorbed AuNPs, whereas stiffer
dsDNA with exposed negatively charged phosphate backbone
has weak adsorption onto the negatively charged AuNPs and
cannot efficiently prevent salt-induced AuNP aggregation.
Taking advantage of the different binding properties of
ssDNA and dsDNA toward AuNPs, the presence of target
DNA would induce the aggregation of AuNP colloid under
high ionic strength condition because of the formation of
dsDNA with single-stranded probe in our detection system.
The resultant AuNP aggregation makes DNA/AgNC string’s
binding negligible, leading to a weakened SPEET process and a
remarkable fluorescence signal. Based on this working principle,
we have designed a novel, label-free DNA detection method by
coupling DNA/AgNC string and colloidal AuNPs, which
eliminates the requirement for chemical modification, organic
dye, enzymatic reaction, or separation procedure.

■ EXPERIMENTAL SECTION
Reagents and Materials. Oligonucleotides used were custom-

synthesized by Sangon Biological Engineering Technology & Services
Co., Ltd. (Shanghai, China). The sequences of these oligonucleotides
are listed in Table 1. Hydrogen tetrachloroaurate (III) dehydrate
(HAuCl4) and silver nitrate (AgNO3) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Sodium
borohydride (NaBH4) was purchased from Tianlian Fine Chemical
Co., Ltd. (Shanghai, China). All chemicals used were of analytical
reagent, obtained from commercial sources, and directly used without

Table 1. Sequence Information for DNA Oligonucleotides Used in This Study

aThe bases in blue color represent the AgNC-nucleation sequences used as templates to synthesize DNA/AgNCs. The bases in brown color
represent oligo spacer between two AgNC emitters. The bases in red color represent the mutation sites in the tested DNAs compared with target T1.
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additional purification. The solutions were prepared using distilled
water purified by a Milli-Q water purification system (Millipore Corp.,
Bedford, MA, USA) with an electrical resistance of 18.2 MΩ cm.
Instrumentation. UV−vis absorption and fluorescence spectra

were measured by a fluorescence microplate reader (Bio-Tek
Instrument, Winooski, USA) using transparent 96-well microplate
and black 96-well microplate (Corning Inc., NY, USA), respectively.
Transmission electron microscope (TEM) measurement was
performed on Jeol JEM-2100 instrument (JEOL Ltd., Japan).
Preparation Procedures for AuNP Colloid and Fluorescent

DNA/AgNC String. The colloidal solution of citrate-AuNPs in 13 nm
diameter with a concentration of 3.1 nM was prepared according to
the reported method.42 Fluorescent DNA/AgNC string was prepared
in a molar ratio DNA/Ag+/NaBH4 of 1:6:6 according to the reported
literature with minor modification.43 Briefly, fluorescent DNA/AgNC
string was prepared by adding an aliquot of AgNO3 solution (1 mM,
2.4 μL) to DNA template solution (20 μM, 20 μL) with a Ag+-to-
DNA molar ratio of 6:1 in a phosphate buffer (1.9 mM NaH2PO4, 3.1
mM Na2HPO4, 50 mM NaNO3, pH 7.0) in a total volume of 200 μL.
Then, the mixture was incubated in the dark at room temperature for
20 min. Subsequently, an aliquot of fresh NaBH4 solution (1 mM, 2.4
μL) was added to the above mixture followed by vigorous shaking for
5 s, and finally the resultant mixture was kept in the dark at room
temperature for 15 min before use.
Specific DNA Detection Procedure. The typical experiment for

specific DNA detection involved three steps. First, a series of T1
aliquots at different concentrations were added to the probe solution
(10 μM) in phosphate buffer solution (3.8 mM NaH2PO4, 6.2 mM
Na2HPO4, 300 mM NaNO3, pH 7.0), respectively, and incubated for 5
min at room temperature. Second, the above probe and T1 solution

was mixed with 40 μL AuNP colloidal solution (6.2 nM) and 50 μL
phosphate buffer solution (3.8 mM NaH2PO4, 6.2 mM Na2HPO4, 300
mM NaNO3, pH 7.0) with a total reaction volume of 100 μL. After
that, 100 μL fluorescent DNA/AgNC string was added, and then the
resultant mixture was kept in the dark at room temperature for 5 min.
Third, the resultant mixture was transferred to a black 96-well
microplate and scanned by the fluorescence microplate reader from
580 and 750 nm under an excitation at 560 nm. Unless noted
otherwise, all experiments in this work were repeated three times.

Detection of Specific DNA in Serum Sample. Serum obtained
were loaded into centrifugal filtration devices (Molecular weight cutoff
or MWCO 50 kDa, Millipore Amico Ultra), centrifuged at 6000 rpm
for 20 min.31 Then, specific DNA targets with different concentrations
were spiked into pretreated serum.

■ RESULTS AND DISCUSSION

The working principle of the proposed method for label-free
DNA detection based on SPEET process between fluorescent
DNA/AgNC string and unmodified AuNP colloid is illustrated
in Scheme 1. The proposed fluorescent DNA/AgNC string is
designed by linking two dark AgNCs as shown in Scheme 1A.
Two reported AgNC-nucleation sequences are chosen to
produce dark DNA/AgNCs under the excitation of 560 nm.
A rationally designed oligo spacer is employed to connect these
two AgNC-nucleation sequences, and this intact DNA
sequence is served as a scaffold to form fluorescent DNA/
AgNC string following the Dickson’s method with a slight
modification.43 As shown in Scheme 1B, the proposed

Scheme 1. (A) Pictorial Representation of Fluorescent DNA/AgNC String Containing Two Dark DNA/AgNCs at the Termini
and Oligo Spacer in the Middle; (B) Pictorial Representation of the Proposed Label-Free Method for Specific DNA Detection
Based on SPEET Process between Fluorescent DNA/AgNC String and AuNP Colloid

Figure 1. (A) Fluorescence emission spectra responses of AgNCs scaffolded by different DNA templates. (B) Time-dependent measurements of
fluorescence emission and excitation spectra of the DNA6/AgNC string. Fluorescence emission spectra were recorded at 5, 10, 15, and 20 min after
mixing DNA6 with AgNO3 and NaBH4, respectively. Ex: 560 nm. The excitation spectrum was recorded at 15 min after mixing the DNA6 with
AgNO3 and NaBH4. Em: 608 nm.
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detection system, containing a single-stranded probe comple-
mentary to target DNA, is mixed with reaction buffer or target
DNA tested solution, and subsequently an AuNP solution is
added. After incubation for a short time, a salt buffer with high
concentration and fluorescent DNA/AgNC string solution is
sequentially introduced. Then, the resultant mixture is detected
by either fluorescence measurement or UV−vis character-
ization. In the absence of target, the single-stranded probe
spontaneously adsorbs onto the surface of AuNPs to protect
AuNPs from aggregation under high ionic strength condition.
Similarly, subsequently added fluorescent DNA/AgNC string
also spontaneously attaches onto AuNPs, leading to the
fluorescence of DNA/AgNC string quenched. However, in
the presence of target DNA, the single-stranded probe
hybridizes with target DNA to form double-helix dsDNA,
which could not prevent the salt-induced AuNP aggregation. As
a result, the color of the solution changes from red to blue after
the addition of salt. Afterward, the added fluorescent DNA/
AgNC string stably exists without binding onto the surface of
aggregated AuNPs. No SPEET process takes place. Therefore,
via the efficient SPEET process, fluorescence intensity and
color change in the sensing system are directly proportional to
the amount of target DNA present in the tested samples.
We first performed a series of control experiments to

optimize the DNA template to produce strongly emissive
DNA/AgNC string. Two reported 12-nt AgNC-nucleation
sequences44 producing a yellow emitter (DNA-Y: 5′-
CCCTTAATCCCC-3′, an emission maximum at 572 nm)

and a near-IR emitter (DNA-NIR: 5′-CCCTAACTCCCC-3′,
an emission maximum at 705 nm) were chosen as the scaffolds
for synthesis of dark AgNCs. It can be seen that the resultant
AgNCs scaffolded by these two sequences both displayed very
weak fluorescence emissions upon the excitation at 560 nm
(DNA1, DNA2 in Figure 1A). In order to rapidly determine
the proper length of spacer between two dark-AgNC-nucleation
sequences, we employed poly(deoxythymidine, dT) with
different lengths as models to test the fluorescence intensity
of DNA/AgNC strings. Of the four bases (adenine, thymine,
guanine, and cytosine), thymine exhibited the weakest affinity
for silver nanocluster,45 making this base optimal for initial
screening of spacer sequence. Three DNA templates (DNA3,
DNA4, and DNA5) with poly(dT) spacers of various lengths
(5, 15, and 25 nt) were selected for producing emissive DNA/
AgNC string, respectively. Figure 1A compares the fluorescence
spectra of the tested DNA template-scaffolded AgNC strings.
The highest fluorescence intensity was clearly observed for
employment of DNA4 with 15-nt poly(dT) spacer (brown
dash line) as a scaffold. At present, we cannot fully interpret the
physical mechanism driving the fluorescence enhancement of
the adjacent dark emitters and the effect of oligo spacer length
on fluorescence enhancement. We preliminarily presume it is
due to the distance-dependent energy and charge transfer
property of the adjacent dark AgNCs,46,47 in which too close or
too far away might not favor the formation of bright DNA/
AgNC string. The highly fluorescent AgNCs hosted by the
DNA templates (S-PEG5 and S-C3) with hydrophobic spacer

Figure 2. Investigation on SPEET process between fluorescent DNA/AgNC string and AuNP colloid. (A) Excitation spectra of the pure as-prepared
DNA/AgNC string (blue line) and UV−vis spectra of AuNP colloid (red line). (B) Fluorescence emission spectra of DNA/AgNC string in
phosphate buffer (0.95 mM NaH2PO4, 1.55 mM Na2HPO4, 25 mM NaNO3, pH 7.0) after adding 100 μL colloidal AuNP solution at different final
concentrations (0, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, and 2.0 nM). Inset: Photograph of DNA/AgNC string solution under UV
irradiation before and after adding 2.0 nM AuNP from upper to bottom, respectively. (C) Stern−Volmer plot of the data presented in B from 0.05 to
1.2 nM. (D) Fluorescence emission spectra of DNA/AgNC string after adding 100 μL mixture containing AuNP colloid (1.24 nM) and probe with
increased concentrations (0, 20, 40, 60, 80, and 100 nM) in phosphate buffer solution (1.9 mM NaH2PO4, 3.1 mM Na2HPO4, 100 mM NaNO3, pH
7.0). Inset: Photograph showing colorimetric responses of the mixtures containing DNA/AgNC string, AuNP colloid (1.24 nM) and probe at
increased concentrations from 0 to 100 nM. From left to right are 0, 20, 40, 60, 80, and 100 nM probe.
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(PEG and hydrocarbon chain, respectively) between two
emitters also supported the significance of the spacer with
weaker capability of binding silver ions (Figure S1 in the
Supporting Information). To further optimize the DNA
template, we rationally designed four DNA templates including
DNA6, DNA7, DNA8, and DNA9 with different base
sequences in 15-nt oligo spacer. Upon comparison among
these four DNA templates creating AgNC strings, we notice
that DNA6 as a scaffold produced the highest fluorescence (red
line). When irradiated for 60 min, the fluorescence intensity of
DNA6/AgNCs decreases by 84.0% (Figure S2 in the
Supporting Information). The quantum yield (QY) of as-
prepared DNA6/AgNCs was ∼36.9% that is highest value at
pH 7 and 50 mM NaNO3 using Rhodamine B in ethanol as the
reference standard (Figure S3 in the Supporting Information),
whereas the QY of DNA4/AgNCs and DNA5/AgNCs are
∼16.3 and ∼2.7%, respectively. In addition, the produced
DNA6/AgNC strings also showed a stronger capability to
create brighter silver nanoclusters, compared to G-rich
overhang-activated fluorescent AgNCs reported in Yeh’s
work27 (Figure S4 in the Supporting Information). On the
basis of the above results, we found that the acquirement of a
class of excellent AgNCs can be enabled by not only base
arrangement but also its appropriate length of spacer between
two sequences producing dark emitters, which is consistent
with the previous findings that DNA/AgNC formation
depended greatly on the specific secondary structures of the
DNA scaffolds.48 In further work, we would devote our ongoing
effort on elucidating the underlying mechanism about two
issues, why double 12-nt dark clusters-nucleation sequence in
the same strand can enhance the fluorescence intensity, and
how the amount and arrangement of bases in spacer sequence
affect the fluorescence intensity of emissive DNA/AgNC string.
Figure 1B shows the time-dependent measurements of the

formation of DNA6/AgNC string recorded at various times
under the excitation of 560 nm. The observation clearly
demonstrates that the formation of fluorescent DNA6/AgNC
string achieved the maximum emission within ∼15 min, which
is faster than the reported protocols of chemical reduction of
Ag nanoclusters took more than 1 h.43 However, the reason for
the faster speed of DNA/AgNC string formation is not fully
understood. We assume it is likely that the structure of the
DNA template containing a 15-nt oligo spacer to connect the

two dark emitters would greatly influence the conformation of
DNA/AgNC string, resulting in the formation of a self-dimer or
a hairpin structure to stabilize the AgNCs.48 An excitation
spectrum of DNA6/AgNC string is also given in Figure 1B by
monitoring the emission at 608 nm (black line). DNA6/AgNC
and DNA4/AgNC strings were characterized by TEM, as
shown in Figure S5 in the Supporting Information. Because of
the brighter fluorescence, DNA6 was chosen as the scaffold for
preparation of fluorescent AgNC string in the subsequent
experiments.
Next, we explored the SPEET process between the proposed

fluorescent DNA/AgNC string and AuNP colloid. It has been
demonstrated that the large overlap of the excitation spectra
and AuNP absorption spectra was indispensable for SPEET.40

As shown in Figure 2A, there was a large spectral overlap from
520 to 555 nm between the excitation spectra of emissive
DNA/AgNC string (maximum excitation at 555 nm) and
absorption spectra of AuNP colloid (maximum absorption at
520 nm), implying the possibility of employing emissive DNA/
AgNC string as energy donor to AuNP acceptor in SPEET
process, which is consistent with the quenching of AuNCs via
SPEET between AuNCs and AgNPs or AuNPs.39,40 When
DNA/AgNC string was mixed with AuNP colloid at increased
concentrations from 0 to 2 nM, it can be seen that the
fluorescence intensity of DNA/AgNC string significantly
decreased to minimum value (Figure 2B) with the quenching
efficiency up to ∼99.0%, in which the quenching effect by
AuNPs was also verified by excluding the disturbance of solvent
except AuNPs (Figure S6 in the Supporting Information). The
Stern−Volmer equation was employed to describe the
concentration-dependence of the quenching effect (F0/F) of
the nanoquencher AuNPs on the fluorescence emission of
DNA/AgNC string (where F0 and F are the fluorescence
intensity of AgNCs at 608 nm in the absence and presence of
AuNPs, respectively). Figure 2C outlines the linear Stern−
Volmer plot, the correlation equation is F0/F = 1 +
15.6[AuNPs] with a correlation coefficient R2 of 0.989. To
further investigate the correlation of fluorescence intensity of
DNA/AgNC string on the existence form of AuNPs, we
obtained AuNP aggregation by controlling the probe
concentration after adding 10 mM phosphate buffer containing
150 mM NaNO3, according to the previous method in which
152.3 mM NaCl was used in the reaction system with 35.3/1 of

Figure 3. Investigation of probe concentration on the performance of the proposed method. (A) Fluorescence emission spectra responses to probe
at different concentrations (50, 100, and 150 nM) in the absence (dash lines) and the presence (solid lines) of target T1, respectively. The
concentration of target T1 was selected at the same concentration as probe (50, 100, and 150 nM). (B) Bar representing fluorescence ratio (F/F0 −
1) responses in the presence of probe at different concentrations as shown in data (A), where F and F0 are the fluorescence intensities at a peak value
of 608 nm in the presence and absence of target T1, respectively. Inset: the left and right photographs represent in the absence and presence of target
T1, respectively.
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probe/AuNPs.49 Figure S7A, B in the Supporting Information
shows the highest fluorescence of DNA/AgNCs was obtained
in the phosphate buffer solution (1.9 mM NaH2PO4, 3.1 mM
Na2HPO4, 50 mM NaNO3, pH 7.0) and their tolerance of salt
concentration was up to 100 mM, respectively. The changeless
absorption spectra of Au NPs at various concentrations in the
absence and presence of DNA/AgNC string removed the
interference effect of DNA/AgNC-induced AuNP aggregation
(Figure S8 in the Supporting Information). As shown in Figure
2D, a low level of AuNP aggregation, produced by adding great
amounts of probe to AuNP colloid, would lead to a significant
quenching in the fluorescence intensity. Obviously, the loss of
monodisperse AuNPs would weaken SPEET process, which
demonstrates that SPEET process originates from the
interaction of DNA/AgNC string and AuNPs, which are in
close proximity. Figure S5C in the Supporting Information
exhibits characteristics of AuNP colloid by TEM.
A good signal-to-background ratio is more favorable to

obtain a higher sensitivity in the detection method. The
fluorescence ratio value (F/F0 − 1) was employed to calculate
the signal-to-background ratio upon the addition of target DNA
in the detection system, where F and F0 are the fluorescence
intensities at a peak value of 608 nm in the presence and
absence of target T1, respectively. As shown in Figure 2D, the

amount of single-stranded probe directly affected the back-
ground signal of the proposed method because salt-induced
AuNP aggregation was enhanced by the decrease of probe
concentration, resulting in weaker SPEET process. Therefore,
the concentration of probe is an important experimental factor
to affect the background signal in our detection system. Three
concentrations of 50, 100, and 150 nM probe were selected.
Figure 3A clearly describes the fluorescence emission spectra
with different probe concentrations in the absence and the
presence of target T1. It can be seen that the fluorescence
signal was significantly decreased with probe concentration
increased. As shown in Figure 3B, 100 nM probe achieved the
best signal-to-background value (F/F0 − 1). Thus, we chose
100 nM probe for the subsequent experiments.
Under the above optimized experimental conditions and

according to the experimental protocol described in the
Experimental Section, the sensitivity of the proposed method
was carefully investigated. The fluorescence spectra of the
sensing system were recorded upon the addition of target T1 at
different amounts (Figure 4A). As expected, fluorescence
intensity gradually increased with an increase in the
concentration of target T1 from 0 to 100 nM, indicating that
SPEET process proceeded in a dose-dependent manner with
respect to target T1. As the probe concentration decreased

Figure 4. Sensitivity investigation of the proposed method for specific detection of target T1. (A) Fluorescence emission spectra response in the
presence of T1 at increased concentrations (0, 5, 10, 40, 60, 80, 100 nM). Ex: 560 nm. Inset: Photograph showing colorimetric responses of the
detection system in the presence of various concentrations of target T1. From left to right are 0, 5, 10, 40, 60, 80, and 100 nM target T1. (B) Plot of
the linear relationship between the fluorescence ratio (F/F0 − 1) and the concentration of target T1, where F and F0 are the fluorescence intensities
at a peak value of 608 nm in the presence and absence of target T1, respectively.

Figure 5. Selectivity investigation of the proposed method using different target DNAs. (A) Fluorescence emission spectra responses in the presence
of different targets. The solid and dashed lines represent fluorescence spectra in the presence of the 100 nM and 50 nM target DNA, respectively. Ex:
560 nm. (B) The fluorescence ratio (F/F0 − 1) values obtained based on data from A, where F and F0 are the fluorescence intensities at a peak value
of 608 nm in the presence and absence of tested target, respectively. Inset: Photograph showing colorimetric responses of the detection system with
different target DNAs at two tested concentrations. From left to right are T1, T2, T3, and T4.
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upon the hybridization with target T1 at increased concen-
tration, the salt-induced AuNP aggregation would be at an
increased level. Correspondingly, the color of the AuNPs was
changed from red to blue with the increasing amount of added
target T1 (Figure 4A, inset). Figure 4B shows the fluorescence
change ratio (F/F0 − 1) as a function of target T1
concentration (5, 10, 40, 60, 80, and 100 nM). The linear
regression equation was F/F0 − 1 = 0.052[T1] + 0.262 with a
correlation coefficient R2 of 0.967. The detection limit was
estimated to be ∼2.5 nM (3σ/S, σ is the standard deviation of
the blank solution) and ∼10 fold higher than the biosensor
based on AgNCs only.50 To investigate the application in
biological samples, we carried out the spike-in experiment by
adding target T1 with known concentrations into the
pretreated serum. As shown in Table S1 in the Supporting
Information, quantitative detection of specific T1 by the
proposed method was achieved with an acceptable recovery and
good stability. These results indicate that our proposed assay
based on SPEET between DNA/AgNC string and AuNPs has a
potential to apply in biological samples.
To validate the sequence specificity of the proposed method,

we prepared several different target DNAs including perfect-
matched, and mismatched targets (T1, T2, T3, and T4). Figure
5 exhibits the comparison of fluorescence responses toward the
different targets at two concentrations of 50 and 100 nM. It is
observed that the fluorescence ratio value generated by perfect-
matched target T1 was the highest among other tested targets,
which enables the significant discrimination between perfect-
matched and single-base mismatched targets at the same
concentration level. Photograph of colorimetric response of
AuNP colloid also supports the sequence specificity of the
proposed method. A mixture of target T1 with various fractions
and T4 as interfering species was further tested.Figure S9 in the
Supporting Information shows clearly that as little as 30% target
DNA was easily detected, which is consistent with the previous
studies.49

■ CONCLUSION

In summary, we have obtained a template forming highly
fluorescent DNA/AgNC string with faster synthesis speed of 15
min. On the basis of its properties of excellent brightness, high
fluorescence quantum yield, low cost, and facile synthesis
procedures in contrast to the organic dyes, we have proposed a
label-free method for specific DNA detection based on SPEET
process. It is a new assay utilizing the SPEET process between
the fluorescent DNA/AgNC string and AuNP colloid. In the
proposed SPEET-based method, the combination between
visibility of color change of AuNP colloid and brighter
fluorescence emission of DNA/AgNC string can supplement
each other’s advantages. This method shows a rapid response to
the perfect-matched target with a good selectivity and in a
concentration-dependent manner. Moreover, the label-free,
enzyme-free, and thermal cycling-free strategy would be helpful
to facilitate the development of a simple, low-cost, and portable
detection system. Thus, we believe our findings would enable
greater diversity of applications of DNA/AgNCs and open up
new horizons for researchers to develop fluorescence turn-on
biosensors
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