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ABSTRACT: One of the great challenges in metal-enhanced
fluorescence (MEF) technology is the achievement of distance
modulation with nanometer accuracy between the fluorophore
and metal surface to obtain maximum enhancement. We
propose an MEF-based core−shell Ag@SiO2 nanoflare for
distance control via the thickness of silica shell with
cooperation of DNA hybridization. The nanoflare contains a
50 nm spherical silver nanoparticle (Ag NP) core, a 8 nm silica
shell, and cyanine (Cy5)-labeled aptamer hybridized with a
complementary DNA (cDNA) immobilized onto the shell
surface. The formation of the Cy5-labeled aptamer/cDNA
duplex on the Ag@SiO2 NP surface results in the confinement of Cy5 to the shell surface and an increase in the fluorescence of
Cy5 with a 32-fold enhancement factor in bulk solution (signal-on). In the presence of affinity-binding targets, the Cy5-labeled
aptamers confined onto the Ag@SiO2 NP surface dissociate from their cDNA into the solution because of structure switching.
The target-induced release of aptamer leads to a reduction in the enhanced fluorescence signal of the labeled Cy5 moiety (signal-
off). Thus, the nanoflare can be used as a sensor for target recognition. Using adenosine-5′-triphosphate (ATP) aptamer,
detection of ATP has a linear response from 0 to 0.5 mM and a detection limit of 8 μM. With various types of DNA probes
immobilized onto the core−shell Ag@SiO2 NPs, the MEF-based nanoflare has provided an effective platform for the detection
and quantification of a broad range of analytes, such as mRNA regulation and detection, cell sorting, and gene profiling.
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1. INTRODUCTION

Metal-enhanced fluorescence (MEF) is an emerging technology
that is expected to be extensively used in fluorescence-based
applications in biomedicine and biotechnology.1,2 MEF
depends on the interactions of the excited-state fluorophores
with the surface plasmon resonance of metal particles.3 Aside
from the reduced lifetime for the fluorophore on the metal
nanoparticle (NP), the NP is capable of enhancing the local
electromagnetic radiation field near the emitter, increasing the
possibility of its excitation.4−6 MEF is affected by numerous
factors such as the type of metal NPs, size and morphology of
the NPs, spatial distance between the fluorophore and NP
surface,7 and quantum yield of fluorophores.8 Among these
factors, the distance dependence is important in the
fluorescence enhancement, in particular, the maximum
enhancement at 7−109 and 5−11 nm.10 Several techniques
may be applied to adjust the distance between NPs and
fluorophores. These techniques can be mainly classified into
two categories based on the materials used for distance
modulation. One method involves the use of protein (enzyme)
or DNA molecules as the spacer layer. For instance, a complex
was designed using human serum albumin as a spacer layer

between the gold (Au) nanoshells and the fluorophore IR800.10

Fluorescein-labeled DNA scaffolds of different lengths and
covalently bound to silver (Ag) nanodeposits were used, and
the distance dependence of the MEF effect has been
experimentally measured.11 We recently described a method
for distance control between the Au NP and the fluorophore
using acetylcholinesterase.12 Although these spacer layers are
convenient to create, they were not rigid enough to obtain
accurate distance control. A SiO2 matrix was used as a shell
around the Ag core for distance control. This strategy provides
three features:13 (1) various available methods to conjugate the
silica layer with biomolecules or fluorophores; (2) an adjustable
thickness of the silica shell by simply controlling the amount of
chemicals (e.g., tetraethylorthosilicate); (3) a protective layer of
the Ag core from the distance between doped fluorophores and
Ag NPs.14 Core−shell structures effectively improve the
stability of Ag nanostructures15 and offer a rigid spacer to
modulate the distance between the metal NPs and fluorophore
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to optimize the fluorescence efficiency.16 In these methods, the
fluorophores were usually doped into the silica shell to enhance
fluorescence.13,17 However, all doping methods can only obtain
the average distance rather than the accurate distance. An
interesting adsorption method for distance control has recently
been developed and used for pH assay on the basis that the
negatively charged fluorophores were absorbed onto the
positively charged surface of a core−shell Ag@SiO2 nano-
composite via electrostatic interactions. However, the assay has
to be optimized because the desorption effects of the absorbed
fluorophores resulted in a high background fluorescence
signal.18

In this study, we designed and prepared an MEF-based
core−shell Ag@SiO2 nanoflare to develop a simple, efficient
biosensing platform. As illustrated in Figure 1, a core−shell
Ag@SiO2 nanocomposite comprising an Ag NP core and a
silica shell spacer with precise thickness was first synthesized. A
complementary DNA (cDNA) probe modified with −NH2 at
the 5′ end was then immobilized onto the surface of the silica
shell and hybridized with the target-binding aptamer labeled
with Cy5 at the 3′ end. Thus, the fluorophore Cy5 was driven
and confined to the silica surface via DNA hybridization, and
the distance between the fluorophore and Ag NP was
controlled by the thickness of the silica shell. The Cy5 was
driven to close proximity with the shell surface, and its
fluorescence was considerably increased because of the MEF
(fluoresence turn-on). In the presence of analytes, the Cy5-
labled aptamer bound with the affinity ligand and was released
from the surface, resulting in a reduction of its fluorescence
intensity (fluoresence turn-off).
Adenosine-5′-triphosphate (ATP), as the major source of

chemical energy in living organisms, is involved with various
kinds of vital movement.19 Detection of the ATP levels can be
extremely useful for metabolic studies in cell biology, as well as
clinical diagnostics, and is thus highly important in detecting

and monitoring the ATP concentration in aqueous media.
Traditional methods, such as chromatographic,20 electro-
chemical,21 and bioluminometric approaches,19 have been
developed for accurate ATP detection. However, these
methods are time-consuming or involved in complex
chemical/enzymatic reactions.
Aptamers are a kind of nucleic acid and can bind with their

respective ligands with high affinity and selectivity.22−24

Because of the specific binding between the selected aptamer
and ATP, the detection strategy of ATP based on aptamer has
attracted much interest.25,26 A series of fluorescent and
electrochemical strategies have been established depending on
aptamer-labeled fluorophores or electroactive tags to convert
the specific binding reactions into detectable signals.27,28 Some
aptamer-based fluorescence methods for ATP detection include
the molecular beacon approach and the structure switching/
fluorescence−dequenching mechanism. The method based on
a molecular beacon29 commonly requires a dual-labeled
aptamer that results in a distance change of the fluorophore
and quenching induced by aptamer folding. The structure
switching/fluorescence−dequenching30 method markedly sep-
arates the quencher-labeled DNA from the labeled fluorophore,
which results in increased fluorescence because the aptamer
sequence switches to an aptamer/target complex. A Au NP was
functionalized with a dense monolayer of ATP aptamers
hybridized with cDNA labeled with fluorescent reporters. As
the probes bind selectively to ATP, the fluorescent reporters are
released and indicate the presence of target molecules.31 As a
proof of concept, the designed and prepared MEF-based core−
shell Ag@SiO2 nanoflare was used for a simple, efficient
detection of ATP.

2. EXPERIMENTAL SECTION
2.1. Materials and General Methods. Silver nitrate (AgNO3),

tetraethylorthosilicate (TEOS), and 2,4,6-trichloro-1,3,5-triazine were

Figure 1. Schematic illustration of the preparation of MEF-based core−shell Ag@SiO2 nanoflares and ATP detection.
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purchased from Sigma-Aldrich (Shanghai, China). (3-Aminopropyl)-
triethoxysilane (3-APTS) was purchased from Alfa Aesar (Tianjing,
China). 5′-NH2(CH2)6-ACC TTC CTC CGC AAT ACT CCC CCA
GGT-3′ (cDNA), 5′-ACC TGG GGG AGT ATT GCG GAG GAA
GGT-Cy5-3′ (ATP-binding aptamer), adenosine-5′-triphosphate
(ATP), guanosine 5′-triphosphate (GTP), cytosine 5′-triphosphate
(CTP), and uridine 5′-triphosphate (UTP) were obtained from
Shanghai Sangon Biotechnology Co. Ltd. (Shanghai, China). Other
chemicals were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China).
Transmission electron microscopy (TEM) images of NP and

nanocomposite specimens were recorded with a JEM-2100 trans-
mission electron microscope (JEOL Co., Ltd., Japan) at an
accelerating voltage of 100 kV. Absorption and emission spectra of
all NP and nanocomposite samples were obtained with a PerkinElmer
Lambda 35 UV−vis spectrometer and a PerkinElmer LS 55
fluorescence spectrometer (PerkinElmer, England), respectively.
Circular dichroism (CD) spectra were obtained on a Chirascan CD
spectrometer (Applied Photophysics, England).
2.2. Preparation of Core−Shell Ag@SiO2 NPs. Ag NPs were

first synthesized according to the literature.32 Core−shell Ag@SiO2
NPs were then obtained according to the literature13 with slight
modification. Briefly, 1 mL of a Ag colloid solution was mixed with
12.5 mL of isopropyl alcohol and 1.25 mL of deionized water under
vigorous stirring. After the addition of 0.2 mL of 30% NH3·H2O, 5 μL
of a TEOS solution with a concentration of 20% was immediately
added into the mixed reactants. The reaction was carried out under
agitation for 30 min at room temperature (RT), and then the products
were aged without stirring at 4 °C overnight. The silica-coated Ag NP
suspension was washed three times with a water and ethanol mixture
(5:4) and centrifuged at 6000 rpm for 20 min. Finally, the core−shell
Ag@SiO2 NPs were resuspended in water, and the thickness of the
silica shell was determined by TEM.
2.3. Immobilization of cDNA onto Ag@SiO2 NPs. Immobiliza-

tion of cDNA onto Ag@SiO2 NPs was performed according to the
literature33 with slight modification (see the Supporting Information,

Figure S1). The prepared Ag@SiO2 NPs were mixed with 600 μL of
absolute ethanol, and 400 μL of 3-APTS was then added after 5 min of
stirring. The mixture was shaken for 2 h at RT and quickly heated at
50 °C for 1 h. The mixture was centrifuged and washed with ethanol
and acetonitrile after the mixture was cooled to RT. Then, 1 mL of 0.2
M 2,4,6-trichloro-1,3,5-triazine (dissolved in acetonitrile) was mixed
with the NPs and allowed to react for 2 h at RT. After the mixture was
centrifuged, it was washed three times with acetonitrile and two times
with ethanol, ultrapure water, and 0.05 M sodium borate buffer (pH
8.4) successively and then dispersed in the borate buffer (a mixture of
90 μL of 2 M NaCl and 90 μL of 0.05 M sodium tetraborate
decahydrate, pH 8.4). Finally, the cDNA probes (500 μL, 1 μM) were
added and incubated for 14 h at RT for immobilization of cDNA onto
Ag@SiO2 NPs.

2.4. Preparation of Core−Shell Ag@SiO2 Nanoflares. To
prepare the core−shell Ag@SiO2 nanoflares, the Cy5-labeled aptamer
hybridized with cDNA was immobilized onto Ag@SiO2 NPs.
Hybridization was performed in solution as previously described
with slight modification.34 The Ag@SiO2 NPs immobilized with
cDNA were suspended in 500 μL of a hybridization buffer (50 mM
Tris-HCl, 0.1% Tween-20, 1 M NaCl, pH 8.4), followed by the
addition of 50 μL of 10 μM Cy5-labeled aptamer (in 0.05 M borate
buffer, pH 8.4). The mixture was shaken and incubated at RT for 2 h.
Then, the NPs were washed with the hybridization buffer by three
rounds of centrifugation to remove the free aptamers. The supernatant
was collected after centrifugation for measurement of the absorbance
at 260 nm and calculation of the hybridization ratio. The prepared
nanoflares were collected and redispersed in 1 mL of the hybridization
buffer for further use and measurement.

2.5. ATP Detection Using MEF-Based Core−Shell Ag@SiO2
Nanoflare. Various concentrations of ATP (0 to 2.0 mM) were added
to the prepared core−shell Ag@SiO2 nanoflare solution (20 mM Tris,
5 mM MgCl2, 300 mM NaC1, pH 7.6). The mixture was incubated at
45 °C for 30 min. Then, the fluorescence spectra were recorded, and
the fluorescence intensities at 670 nm were determined. The
experiments for the selectivity test were performed with the ATP

Figure 2. TEM images of the prepared Ag NPs with an average diameter of 50 nm (A and B) and core−shell Ag@SiO2 NPs with 8 nm shell
thickness (C). Normalized extinction spectra (D) of Ag NPs (curve a), Ag@SiO2 (curve b), and Ag@SiO2 immobilized with cDNA (curve c).
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analogues GTP, CTP, and UTP with concentrations of 0.5 mM under
identical conditions.
2.6. Sensing ATP in Human Blood. Samples of fresh blood were

obtained from the antecubital vein of three healthy volunteers at a
local hospital and collected using ethylenediaminetetraacetic acid for
anticoagulation. Samples were subjected to alkaline extraction of
nucleotides according to the method described by Stocchi with slight
modification.35 A total of 1.0 mL of blood was added to 1.0 mL of ice
cold 0.5 M KOH, incubated for 10 min at 4 °C, and then filtered with
a size-exclusion spin column (10 kDa cutoff, Amicon) by
centrifugation (2500g, 20 min, and 4 °C). The clear ultrafiltered
solution was collected and adjusted to pH 7.6 with 1 M HCl, then
diluted to 5.0 mL with a detection buffer (20 mM Tris, 5 mM MgCl2,
300 mM NaC1, pH 7.6), and used for ATP analysis using a core−shell
Ag@SiO2 nanoflare. For the recovery test, known quantities of ATP
(400 μM) were added to the blood samples and alkaline extraction was
immediately performed.

3. RESULTS AND DISCUSSION

3.1. Preparation of a Core−Shell Ag@SiO2 NP as the
Matrix for MEF. Ag was selected to build the NP core because
it has been considered to be a preferred fluorescence enhancer
among the noble metals because of its high scattering efficiency
and narrow plasmon resonance band. The quenching and
enhancement of metal NPs were empirically described8 using
the radiating plasmon model in which quenching results from
the absorption component in the extinction spectrum, whereas
enhancement reflects the scattering contribution, with relative
proportions depending on the size, shape, and composition of
the NPs.36 Lakowicz et al. proved that the diameter of Ag NPs
is optimal from 50 to 70 nm to provide the strength
distribution of the enhanced electromagnetic field of localized
surface plasmon resonance (LSPR) and the depression of
competitive quenching.37 The diameter of the Ag core was 50
nm for all of the preparations in this work, a size that has been
shown to be suitable for MEF and the radiating plasmon
model.37−39 The preparation of core−shell Ag@SiO2 nano-
composites was undertaken in two steps: (1) spherical 50 nm
Ag NPs were prepared by a reduction of AgNO3 by ascorbic
acid; (2) the prepared Ag NPs were homogeneously coated
with an 8 nm silica shell.
Several reductants, such as sodium borohydride,40 sodium

citrate,41 or ascorbic acid,42 can be used in a reduction of
AgNO3 to obtain the Ag NPs in an aqueous solution. Given the
high reactivity of sodium borohydride, which can induce an
explosive nucleation process, the products were usually small
spherical Ag NPs (<10 nm). When sodium citrate was used as
the reductant, there were some unexpected rodlike Ag NPs that
mixed with the spherical particles because of the poor balance
of nucleation and growth processes.43 Thus, we selected
ascorbic acid as the reductant with suitable reactivity to regulate
the nucleation and growth processes of the Ag NPs.
The morphology of final prepared Ag NPs was determined

by TEM. Parts A−C of Figure 2 display TEM images showing
generally spherical and proportioned Ag NPs with a diameter at
50 ± 3 nm. Thus, the resulting Ag NPs are expected to indicate
highly enhanced fluorescence. The prepared Ag NPs can be
homogeneously coated with a silica shell by carefully adjusting
the amount of TEOS and NH3·H2O in the diluted isopropyl
alcohol solution. Figure 2C shows as-fabricated Ag@SiO2 with
a silica shell thickness of 8 ± 1 nm. Given the increase in the
local refractive index of the silica shell and the decreased
plasmon oscillation energy,44 a red shift of 14 nm (from 419 to
433 nm) in the plasmon resonance band was evident compared

with that of uncoated Ag NPs, which was shown in the UV−vis
spectra (Figure 2D). This result is in good agreement with a
previous report.45 Thus, appropriate Ag@SiO2 NPs were
successfully synthesized, and the distance between the resulting
Ag NPs and fluorophore was well controlled with relatively
high uniformity.

3.2. Fabrication of MEF-Based Core−Shell Ag@SiO2
Nanoflares. The detection strategy started with the immobi-
lization of cDNA on the core−shell Ag@SiO2 surface, followed
by hybridization of the Cy5-labeled aptamer with cDNA-
immobilized NPs (Figure 1). We selected 2,4,6-trichloro-1,3,5-
triazine, which has better surface chemistry in covalent
attachment of oligonucleotides to silica NPs, to functionalize
Ag@SiO2 NPs.

33 A triazine-functionalized core−shell Ag@SiO2
surface was accomplished via a two-step process. First, 3-APTS
was added to the ethanol solution of Ag@SiO2 NPs to generate
an amine-modified surface. Second, 2,4,6-trichloro-1,3,5-
triazine was used to generate a triazine-functionalized surface
for further modification with amino-terminated cDNA. The
successful immobilization of cDNA on the NP surface was
observed by the absorbance at 260 nm of Ag@SiO2 NPs after
cDNA immobilization (Figure 2D, curve c). The coverage
density was calculated to be 420 ± 38 cDNA per Ag@SiO2 (see
the Supporting Information, section S2). Only a slight red shift
in the plasmon resonance band was determined compared with
that of Ag@SiO2 NPs without cDNA immobilization (Figure
2D).
After successful surface modification, incubation of immobi-

lized cDNA with the Cy5-labeled aptamer in the hybridization
buffer resulted in the formation of DNA duplexes on the NP
surface and approach of Cy5 to the shell surface of Ag@SiO2
NPs. Cy5 is a common fluorescent dye molecule that strongly
absorbs at 640 nm and emits at 670 nm. This molecule was
chosen as the fluorophore not only because Cy5 is one of the
common fluorescent labeling reagents but also because the
brightest fluorescence was observed from dyes attached to
metal NPs that have LSPR scattering peaks 40−120 meV
higher in energy than the emission peak of the fluorophore.46,47

According to the amount of cDNA immobilized onto Ag@SiO2
NPs, the Cy5-labeled aptamer was added into the hybridization
buffer. The hybridization efficiency can be calculated by means
of measuring the absorbance of the aptamer solution before
hybridization and that of the collected supernatant after
hybridization. When the added number of Cy5-labeled
aptamers was 3.0 × 1014 in the hybridization solution, the
hybridized aptamer number on Ag@SiO2 NPs immobilized
with cDNA was calculated to be 1.2 × 1013, which
corresponded to (93 ± 8)% of the immobilized cDNA that
participated in the hybridization (see the Supporting
Information, section S3).
To estimate the MEF abilities of as-prepared core−shell Ag@

SiO2 NP nanoflares, the fluorescence enhancement was
investigated and characterized using fluorescence enhancement
factor F (F = Inanoflares/Icontrol, where Inanoflares denotes the
fluorescence intensity of the peak at 670 nm of the as-prepared
MEF-based Ag@SiO2 NP nanoflares and Icontrol denotes the
fluorescence intensity of the peak at 670 nm of the control
sample, which consisted of core−shell Ag@SiO2, cDNA, and
the Cy5-labeled aptamer, all with similar amounts compared
with the prepared nanoflare. The fluorescence intensity
increased by 32 times (n = 3) when the concentrations of
Ag@SiO2, cDNA, and the Cy5-labeled aptamer in the control
sample were 0.51 × 10−10, 2.1 × 10−8, and 1.9 × 10−8 M,

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am4049942 | ACS Appl. Mater. Interfaces 2014, 6, 1944−19501947



respectively (Figure 3A), which were obtained from calcu-
lations of the number of immobilized cDNA and the
hybridization ratio. Notably, using highly toxic KCN to etch
the Ag core for preparation of the control sample in this
homogeneous assay format is not necessary like in other
methods.13,48 The largest enhanced factor was obtained in bulk
solution by far and can be further increased by adjusting the
amount of dye-labeled aptamer in the solution to reduce the
background signal, by optimizing the topology, dimensions, and
composition of NPs or by selecting more appropriate
fluorescent molecules.
The stability of the prepared MEF-based core−shell Ag@

SiO2 nanoflares was further investigated. To remove the free
aptamer in solution, the nanoflares were further washed three
times with the hybridization buffer and hardly any fluorescence
was measured in the supernatant. Therefore, the hybridized
Cy5-labled aptamers were not released into the solution. In
addition, upon incubation of the nanoflares at different
temperatures, the fluorescence of the NP probe solution
remained constant when the temperature was changed from 25
to 50 °C, indicating that no aptamer was released into the
solution. This phenomenon is due to the high melting
temperature of the aptamer/DNA duplex (Tm = 66.4 °C,
calculated with IDT OligoAnalyzer 3.1, http://www.idtdna.
com/). The results confirm that cDNA-immobilized Ag@SiO2

NPs can function as an ideal tool for the capture of aptamer
and lower the background signal.
3.3. Assay Performance on ATP. A DNA aptamer that

binds adenosine and ATP selected by Huizenga and Szostak49

was used in this work. To test the affinity biosensing of target
molecules, MEF-based Ag@SiO2 NP nanoflares (0.51 × 10‑10

M) in the hybridization buffer were titrated with different

concentrations of ATP (Figure 3B). As shown in Figure 3C, the
plot of the fluorescence intensity of the nanoflares versus the
ATP concentrations showed a dynamic range from 0 to 0.5
mM with a detection limit as low as 8 μM (signal/noise ratio =
3). Therefore, the assay method is sensitive to ATP
concentrations that are commonly found in cells (0.1−3.0
mM).50,51 The sensor could be reused after washing with the
hybridization buffer by centrifugation and hybridizing with the
Cy5-labeled aptamer. Although the “on-off” format was applied
for biosensing, the final “signal-off” detecting platform was used
to measure the target. Thus, other quenchers or environmental
stimuli can also lead to fluorescence turn-off and cause false-
positive signals.
To evaluate the specificity of the nanoflare sensor, control

experiments were conducted by incubating the nanoflares in the
hybridization buffer containing various concentrations of ATP
analogues, including CTP, GTP, and UTP (Figure 3D).
Exposure to these ATP analogues induced a negligible response
of the nanoflare sensor, strongly demonstrating that the
nanoflares can discriminate between ATP and these analogues.
These results are consistent with a selective target binding
ability.
Three fresh blood samples from healthy individuals were

provided by a local hospital, ruled by the ethical committee.
After alkaline extraction, the concentrations of ATP were
determined to be 467, 481, and 512 μM, respectively (Table 1).
The values are slightly higher than those reported in previous
works.50,52 The possible reason is that adenosine, adenosine-5′-
diphosphate, and adenosine-5′-monophosphate can also bind
with the aptamer, even those compounds with lower amounts
compared to ATP in human blood. For further evaluation of
the validity of the proposed method, known quantities (400

Figure 3. (A) Fluorescence spectra of the nanoflare (curve a) and the control sample (curve b). (B) Emission spectra of the nanoflare in the
presence of various concentrations of ATP. λex = 640 nm, λem = 670 nm, and Ca-k (ATP) = 0.0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.4, 0.5, 1.0, 1.5, and 2.0
mM. (C) Plot of the fluorescence intensity at 670 nm of the nanoflare versus the various ATP concentrations. The inset shows F0/F versus the ATP
concentration from 0.0 to 0.5 mM. F0 and F are the fluorescence intensities in the absence and presence of ATP, respectively. (D) Selectivity test for
ATP. The ATP concentration is 0.5 mM. Each data point represents the average value of three independent experiments with error bars indicated.
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μM) of ATP were added to the blood samples, and the
recoveries were determined to be 89−94% (Table 1). These
results clearly suggest that the assay could be applied to
detection of ATP in a real sample.
The ATP binding switches the Cy5-labeled aptamer/cDNA

duplex to an aptamer/ATP complex, which forces dissociation
of the Cy5-labeled aptamers from their respective cDNA into
the solution, resulting in a decrease in MEF and a reduction in
the fluorescence signal. This viewpoint was shown by CD
measurements. Figure 4 shows that, in the absence of ATP, a

weak positive band near 270 nm and a weak negative band at
245 nm are found in the CD spectrum of the solution of the
Cy5-labeled aptamer and cDNA (curve c), which is a main
characteristic of a B-type duplex conformation.53 A significant
change in the ellipticity (millidegrees) was observed in the
presence of ATP; especially, a positive band near 285 nm was
determined in its CD spectrum, implying that the antiparallel
quadruplex structures (curve d) are formed by ATP
induction.54 The structure switching is also confirmed by the
control experiments of CD spectra (curves a, b, and e).

4. CONCLUSIONS
We have demonstrated the design of plasmonic core−shell
Ag@SiO2 nanoflares. We precisely controlled the distance
between the fluorophore and Ag NPs by modulating the
thickness of the silica shell and confining the fluorophore to the
shell surface through DNA hybridization. Thus, distance
control with nanometer accuracy between the fluorophore
and metal surface has been realized. The highly efficient
fluorescence enhancement properties of Ag, high signaling of
the “on-off” format, and low background fluorescence were
beneficial in overcoming many of the challenges in creating
sensitive and effective fluorescent probes. The 32-fold
fluorescence enhancement factor in a bulk solution was

obtained under homogeneous assay conditions. Using an
ATP-binding aptamer, the rational design of plasmonic core−
shell Ag@SiO2 nanoflares can be used for rapid detection and
quantification of ATP with high sensitivity and selectivity. The
proposed platform is generally applicable to any aptamer and
corresponding biomolecules. Future work will include the
application of various types of immobilized DNA probes for
mRNA regulation and detection, quantitation of biomolecules
in living cells, cell sorting, and gene profiling.55,56
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