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ABSTRACT: A simple, ultrasensitive, highly selective, and
reagent-free aptamer-based biosensor has been developed for
quantitative detection of adenosine triphosphate (ATP) using
surface-enhanced Raman scattering (SERS). The sensor
contains a SERS probe made of gold nanostar@Raman
label@SiO2 core−shell nanoparticles in which the Raman
label (malachite green isothiocyanate, MGITC) molecules are
sandwiched between a gold nanostar core and a thin silica
shell. Such a SERS probe brings enhanced signal and low
background fluorescence, shows good water-solubility and
stability, and exhibits no sign of photobleaching. The aptamer
labeled with the SERS probe is designed to hybridize with the
cDNA on a gold film to form a rigid duplex DNA. In the
presence of ATP, the interaction between ATP and the aptamer results in the dissociation of the duplex DNA structure and
thereby removal of the SERS probe from the gold film, reducing the Raman signal. The response of the SERS biosensor varies
linearly with the logarithmic ATP concentration up to 2.0 nM with a limit of detection of 12.4 pM. Our work has provided an
effective method for detection of small molecules with SERS.

Development of rapid and sensitive methods for detection
of small organic molecules such as cocaine, 2,4,6-

trinitrotoluene (TNT), dopamine, and adenosine is highly
desirable for environmental detection, forensic services as well
as medical diagnostics and therapeutics. Several strategies
including Förster resonance energy transfer (FRET),1,2

colorimetric response,3−6 electrochemical analyses,7−10 and
optical surface plasmon resonance11 have been demonstrated
for quantitative detection of small molecules. However, it still
remains challenging to develop small molecule sensors in terms
of sensitivity, assay time, reproducibility, and on-site applic-
ability. Surface-enhanced Raman spectroscopy (SERS) has
emerged as an alternative tool for biosensing because of its
unique features,12−18 including (i) providing spectral finger-
printing information of molecules, (ii) multiplexed detection
capability with a single laser excitation resulting from the
narrow line width of vibrational Raman bands, (iii) high
sensitivity with a potential of single molecule detection, and
(iv) easy operation without complicated sample preparation,
rendering on-site, nondestructive detection in a wide variety of
matrices. Therefore, SERS has been employed as an efficient
sensing method for detection of viruses, DNA, TNT, and heavy
metallic ions.19−28

In typical SERS assays, Raman reporters are directly attached
to the surface of metallic nanoparticles (the SERS substrates) to
provide the Raman signal.20 These Raman reporters are
vulnerable to detachment from the surface of metallic
nanoparticles upon direct exposure to the environment, leading
to poor reproducibility of SERS sensing. Also, the metallic
nanoparticles labeled with Raman reporters have poor water-
solubility and tend to aggregate in the aqueous matrix
containing analytes. Moreover, the commonly used SERS
substrates such as gold or silver nanoparticles are typically
covered by the surface ligands that are inherent from the
synthesis process, which may be unfavorable for surface
bioconjugation. Therefore, a protective shell has been used to
wrap a combination of the metallic SERS substrates and the
Raman reporter. This prevents from leaching-out of the Raman
reporters and improves their water-solubility and stability as
well as the reproducibility of the SERS signals.24,29,30

In the present work, the gold nanostar@Raman label@SiO2
nanoparticles are produced by sandwiching the Raman reporter
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(malachite green isothiocyanate, MGITC) molecules between a
gold nanostar core and a thin silica shell. MGITC was chosen
as the Raman label due to its nonfluorescent characteristic and
its isothiocyanate (NCS) group that can both bind to
the gold surface and is compatible with the SiO2 encapsulation
process as well.2,10 SiO2 is employed as a protective layer
because of its long-term stability and easy bioconjugation.
Raman scattering is extremely inefficient due to the limited
scattering cross section of ∼10−30 cm2/molecule, which is about
14 orders of magnitude lower than the absorption cross
sections of fluorescent dye molecules.11 Therefore, the gold
nanostars were used as the Raman substrate, because they have
been shown to have very high electromagnetic enhancement for
SERS due to the rough surface, as opposed to the smooth,
round-shaped SERS substrates.31−34 The gold nanostar@
MGITC@SiO2 nanoparticles act as a highly sensitive SERS
probe that features high sensitivity, good water-solubility and
stability, low background fluorescence, and strong resistance to
photobleaching for biological applications. Here, such a SERS
probe is employed for detection of adenosine triphosphate
(ATP), a universal energy carrier in biological systems that
plays a crucial role in the regulation of cellular metabolism and
biochemical pathways in cell physiology.35 To recognize ATP
specifically, a specific aptamer developed previously36 is chosen
as the capture probe. In the present SERS biosensor, the
aptamer labeled with the gold nanostar@MGITC@SiO2
nanoparticles are initially immobilized on a gold film. This
assembly exhibits a strong SERS signal. Upon addition of ATP
into the assay, the gold nanostar@MGITC@SiO2-labeled
aptamer detachs from the gold film, which “turns off” the
Raman signal on the gold film. As a result, an ultrasensitive and
highly selective ATP biosensor has been developed.

■ EXPERIMENTAL SECTION
Chemicals and Reagents. Malachite green isothiocyanate

(MGITC) was purchased from Molecular Probes, Inc. 3-
Triethoxysilylpropyl succinic anhydride (TEPSA) was pur-
chased from Gelest Inc. DNA sequences of 3′-NH2-(CH2)3-
TGG AAG GAG GCG TTA TGA GGG GGT CCA CG-5′ and
5′-NH2-(CH2)6-GCA CCT TCC TCC GCA ATA CTC CCC
CAG GTG C-3′ were synthesized by Eurofins MWG Operon
(Huntsville, AL) according to the sequences reported
previously.36,37 Na2HPO4 (99.0%) and NaH2PO4 (99.0%)
came from Alfa Aesar. N-Hydroxysuccinimide (NHS), 1-ethyl-
3-(3-dimethylaminopropyl)-carbodiimide (EDC), 11-mercap-
toundecanoic acid (MUA), 11-mercapto-1-undecanol ethanolic
(MU), adenosine triphosphate (ATP), cytidine triphosphate
(CTP), and guanosine triphosphate (GTP) were purchased
from Sigma-Aldrich. All solvents were of analytical grade and
used without further purification. Deionized (D.I.) water was
purified using a Milli-Q Millipore system (18.2 MΩ/cm,2
Millipore Corp.).
Apparatus. The nanoparticles were observed with a field-

emission JEOL JSM-7600F scanning electron microscope
(SEM) and a JEOL JEM-2100F transmission electron micro-
scope (TEM) at an acceleration voltage of 200 kV. UV−visible
absorption spectra were acquired in a range of 200−900 nm by
a Shimadzu UV-2550 spectrometer. Raman measurements were
conducted in a Renishaw InVia Raman spectrometer at an
excitation laser of 532 nm. A microscope equipped with a 20×
objective was used to focus the incident excitation laser. The
laser power on the sample was 50 mW, and the accumulation
time was 10 s. The Raman spectra were calibrated and

normalized with Si. Fourier transform infrared (FT-IR) spectra
were obtained with the attenuated total reflection (ATR) mode
in a Thermo Nicolet 6700 spectrometer. X-ray photoelectron
spectroscopy (XPS) was performed with a PHI 5000 Versa
Probe system (Physical Electronics, MN). The XPS spectra
were calibrated with the reference to the C 1s peak of aliphatic
carbon at 284.8 eV.

Synthesis of Gold Nanostar@MGITC@SiO2 Sandwich
Nanoparticles. First, the gold nanostar was synthesized
according to the procedure described below. Briefly,
HAuCl4·3H2O aqueous solution (1 mL, 1 wt %) was first
diluted with 90 mL of water, followed by the injection of
trisodium citrate (2 mL, 38.8 mM). Subsequently, freshly
prepared NaBH4 solution (1 mL, 0.075 wt % in 38.8 mM
trisodium citrate solution) was added, and then, the reaction
mixture was kept at room temperature overnight with constant
stirring to form the seed solution. Following this, 50 mL of the
gold seed solution was mixed with poly(vinyl pyrrolidone)
(PVP, 10 mM) at room temperature for 24 h to prepare the
PVP-coated gold seed solution. Finally, 82 μL of 50 mM
HAuCl4 aqueous solution was mixed with 15 mL of 10 mM
PVP in dimethylformamide, followed by the rapid addition of
43 μL of the PVP-coated gold seed solution ([Au] ≈ 4 mM)
with constant stirring at room temperature for 13 h.
For SiO2 coating, the absorbance of the nanostars was

adjusted by D.I. water to 2.5 at the longer surface plasmon
peak. After this, 5.0 μL of the MGITC aqueous solution was
added to 1 mL of purified nanostar solution and then stirred for
30 min before adding 50 μL of fresh MPTMS solution (50
mM) and continuing constant stirring for additional 30 min.
Subsequently, 100 μL of fresh sodium silicate solution (0.54 wt
%, pH > 12) was added and was stirred for 10 min, and then, it
was kept undisturbed for one day before adding 1 mL of
anhydrous ethanol to generate a condensed SiO2 layer. The
resulting solution was centrifuged and washed with anhydrous
ethanol. The precipitates were redispersed in D.I. water for
future use.

DNA Functionalization of Gold Nanostar@MGITC@
SiO2. TEPSA (200 μL, 200 mM) was added to 400 μL of gold
nanostar@MGITC@SiO2 aqueous solution and then incubated
overnight. COOH-terminated gold nanostar@MGITC@SiO2
was achieved after centrifugation and redispersed in 200 μL of
phosphate buffered saline (PBS) solution (10 mM Na2HPO4/
NaH2PO4, pH = 7.0) for future use. The functionalization of
DNA was carried out by the carbodiimide chemistry.38 First,
100 μL of solution containing 50 mM NHS and 200 mM EDC
was added to the gold nanostar@MGITC@SiO2 solution to
activate the COOH group. After incubation for 2 h, 50 μL of
0.1 mM DNA sequence of 3′-NH2-(CH2)3-TGG AAG GAG
GCG TTA TGA GGG GGT CCA CG-5′ (aptamer, Signaling
Probe) was added. After standing overnight, the solution was
centrifuged and washed using a PBS solution to obtain the
aptamer-functionalized particles, which were dispersed in 800
μL of PBS solution for future use.

Preparation of ssDNA-Modified Substrates. The gold
films were prepared by vapor deposition on the Si substrates
with a thin Cr layer as the adhesion layer. The resulting gold
film was cleaned by successive immersion in CH2Cl2, ethanol,
and D.I. water for 10 min, respectively, and heated at 90 °C in
20 mL of peroxide solution for 1 h. Following this, the gold
films were successively washed with ethanol and D.I. water,
respectively, and dried at 60 °C in a vacuum oven. The cleaned
gold films were incubated overnight in a solution containing
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100 mM MUA and 100 mM MU and then washed using
ethanol and D.I. water, respectively. The resulting MUA/MU-
modified gold film was activated by immersion in a solution
containing 50 mM NHS and 200 mM EDC in a PBS solution.
The activated MUA/MU-modified gold film was incubated
overnight in a PBS solution containing 0.1 mM DNA with
sequence of 5′-NH2-(CH2)6-GCA CCT TCC TCC GCA ATA
CTC CCC CAG GTG C-3′ (Capture Probe). After
immobilization of the cDNA, the gold film was successively
rinsed with D.I. water and PBS solution to remove free and
excess DNA.
Assembly of SERS Sensor for ATP Detection. The

cDNA-modified gold substrates were immersed in the aptamer-
functionalized gold nanostar@MGITC@SiO2 solution ob-
tained above. After incubation at 40 °C in a water bath for 1
h, the gold films were washed with the PBS solution. The
resulting substrates were modified by double-stranded DNA
(dsDNA) labeled with gold nanostar@MGITC@SiO2 as the
signaling probe.
For ATP detection, the SERS sensors were immersed in a

PBS solution (10 mM PBS, 0.3 M NaCl, pH = 7) containing

various concentrations (0−1 μM) of ATP (CTP or GTP) and
incubated for 30 min. The SERS sensors were then rinsed by 10
mM PBS. Subsequently, the Raman spectra were acquired from
the substrates for an accumulation time of 10 s. Three spectra
from different sites were collected from each sample and
averaged to represent the SERS results.

■ RESULTS AND DISCUSSION
Figure 1a,b shows the TEM images of the gold nanostars before
and after coating of a ∼5 nm thick SiO2 layer, respectively.
Figure 1c reveals the UV−visible absorption spectra of the bare
gold nanostars and the gold nanostar@MGITC@SiO2
composite nanoparticles in an aqueous solution. A localized
surface plasmon resonance (LSPR) absorption band at 697 nm
was observed for the bare gold nanostar while a LSPR band at
715 nm was seen for the gold nanostar@MGITC@SiO2
sandwich nanoparticles. The red-shift of the LSPR peak may
be ascribed to the higher refractive index of SiO2 with respect
to that of water.
Figure 1d shows the assembly procedure of the SERS sensor

used for ATP detection. The carboxylic acid-terminated MUA

Figure 1. TEM images of the bare gold nanostars (a) and the gold nanostar@MGITC@SiO2 sandwich nanoparticles (b); UV−visible absorption
spectra (c); schematic illustration of the SERS sensor assembly (d).

Figure 2. Operation principle of the SERS sensor for ATP detection. The molecular structure of the ATP and DNA sequences are shown.
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and MU molecules were anchored on the gold film via the S−
Au linkage. The amine terminated, single-stranded (ss) DNA
(capture probe) was immobilized on the carboxyl functional-
ized gold film via the carbodiimide chemistry. The comple-
mentary ssDNA aptamer (signaling probe) labeled with the
gold nanostar@MGITC@SiO2 nanoparticles was assembled on
the surface via hybridization with the preimmobilized ssDNA
(capture probe). As a result, the gold nanostar@MGITC@SiO2
nanoparticles were immobilized on the gold film, leading to the
formation of a SERS sensor used for ATP detection. To ensure
the sensor assembly quality, each step of the sensor assembly
was tracked by acquisition of the FT-IR and the XPS
spectra,39−42 as shown in Supporting Information (Figures S1
and S2).
Figure 2 shows the operation process of the SERS sensor for

ATP detection. The gold nanostar@MGITC@SiO2 nano-
particles were initially immobilized on the gold film surface via
the duplex DNA. A high density of nanoparticles was observed
on the gold film surface under SEM (Figure 3). Under the laser

excitation, the strong SERS signal from the immobilized
nanoparticles was detected (Figure 4b). The assignments of the

Raman bands in Figure 4b are listed in Table S1 in Supporting
Information. The peaks at 1618, 1589, and 1366 cm−1 were
attributed to the phenyl-N stretching mode, the in-plane ring
stretching and bending modes, and the aromatic ring stretching
mode, respectively.43,44 The peaks at 1296, 1174, and 912 cm−1

were ascribed to the in-plane C−H or C−C−H bending mode,
the in-plane benzene v9 mode, and the B1u in-plane benzene
ring mode, respectively.43,44 When the ATP molecules were
added into the SERS assay, the ATP molecules interacted with
the aptamer labeled with the gold nanostar@MGITC@SiO2
(signaling probe). Two ATP molecules were intercalated into
each aptamer by forming the noncanonical G/A base pairs,36,45

leading to the dissociation of the duplex DNA (Figure 2).
Consequently, the aptamer labeled with the gold nanostar@
MGITC@SiO2 (signaling probe) was detached from the gold
film surface. The SEM image (Figure 3b) confirmed that only a
negligible amount of nanoparticles remained on the gold film
surface after the SERS sensor had been incubated in the 100
nM ATP solution and rinsed with the PBS solution. As a result,
the significantly reduced Raman signal was obtained from the
gold film surface (Figure 4c).
Figure 5 shows the response of the SERS sensor to the

variation of the ATP concentration in the PBS solution. At a

low ATP concentration, the SERS spectra were characteristic of
MGITC molecules, which were consistent with Figure 4b. The
intensity of all the Raman peaks decreased with increasing ATP
concentration (Figure 5a). No evident Raman peak associated
with MGITC was observed as the ATP concentration reached
10 nM, which indicated that almost all nanoparticles were
removed from the gold film surface. The normalized response
[i = (I0 − I)/I0] of the Raman peak intensity at 1618 cm−1 was
plotted as a function of the ATP concentration on a logarithmic
scale (Figures 5b). I0 and I were the intensities of the Raman
peak in the absence and the presence of ATP, respectively. The
limit of detection (LOD), which was defined as three times the
standard deviation of the blank, was determined to be 12.4 pM.
This LOD value was much lower than that obtained from
previous electrochemical,8,10 fluorescent, and colorimetric

Figure 3. SEM images of the SERS sensor system based on the gold
nanostar@MGITC@SiO2 nanoparticles before (a) and after exposure
to 100 nM ATP (b).

Figure 4. Raman spectra obtained from the gold nanostar@MGITC@
SiO2 in solution (a), the SERS sensor before exposure to the ATP
solution (b), and the SERS sensor after exposure to 100 nM ATP
solution (c).

Figure 5. (a) SERS spectra of the Raman label in the SERS sensor; (b)
sensor response versus the logarithmic concentration of ATP; (c) the
linear range of the sensor response to ATP, CTP, and GTP.
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methods37,46−48 with aptamers as the molecular recognition
elements. The sensor response (i) became saturated when the
ATP concentration reached 10 nM. Furthermore, a linear range
of the sensor response versus the log[ATP] was 12.4 pM to 2.0
nM as shown in Figure 5c.
The SERS biosensor developed in this work exhibits a very

low LOD. This is due to the following three reasons. First, the
unique shape of the gold nanostars leads to significant
enhancement of the local electromagnetic field surrounding
the surface of the Au nanostars. Second, the sandwich-
structured nanoparticles are immobilized in proximity to the
gold film surface by utilizing the rigid feature of dsDNA and the
intentionally designed orientation of the signaling probes. In
this architecture, “hot spots” are formed between the gold
nanostars and the gold film, leading to SERS enhancement. If
the gold nanostars are distal from the gold film surface, the
SERS enhancement effect will be diminished. Third, the DNA
aptamer has a high affinity with ATP.37 That is, the
combination of aptamer with ATP can lead to a much lower
free energy system.
In order to evaluate the specificity of the SERS sensor toward

ATP, control experiments were conducted by incubating the
SERS sensor in the PBS solution containing various
concentrations of GTP or CTP, respectively (Figure 5c). It
can also be seen that exposure to different concentrations of
GTP and CTP induced a negligible response of the SERS
sensor although GTP and CTP have the chemical structures
similar to ATP (See Figures S3−S4 in Supporting Informa-
tion).

■ CONCLUSIONS
In summary, an ultrasensitive SERS sensor was developed for
detection of ATP, in which the aptamer was employed as the
molecular recognition element and the gold nanostar@
MGITC@SiO2 nanoparticle as the signaling probe. The
SERS sensor exhibited good specificity and high sensitivity
toward the ATP molecules with a limit of detection of 12.4 pM.
The gold nanostars acted as the SERS substrate with large
signal amplification ability, yielding high sensitivity of the SERS
sensor. Encapsulation of a large number of MGITC molecules
inside the sandwich-structured nanoparticles also contributed
to the high sensitivity. Furthermore, the gold nanostar@
MGITC@SiO2 sandwiched structure gave the stability and the
reproducibility of the sensing assay.
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