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ABSTRACT: The sensitivity and the limit of detection of Raman
sensors are limited by the extremely small scattering cross section of
Raman labels. Silver nanorice antennae are coupled with a patterned gold
triangle nanoarray chip to create spatially broadened plasmonic “hot
spots”, which enables a large density of Raman labels to experience
strong local electromagnetic field. Finite difference time domain
simulations have confirmed that the quasi-periodic structure increases
the intensity and the area of the surface plasmon resonance (SPR), which
enhances the surface-enhanced Raman scattering (SERS) signal
significantly. The SERS signal of the nanorice/DNA/nanoarray chip is
compared with that of the nanorice/DNA/film chip. The SERS signal is
greatly enhanced when the Ag nanorices are coupled to the periodic Au
nanoarray instead of the planar film chip. The resulting spatially
broadened SPR field enables the SERS biosensor with a limit of detection of 50 aM toward hepatitis B virus DNA with the
capability of discriminating a single-base mutant of DNA. This sensing platform can be extended to detect other chemical species
and biomolecules such as proteins and small molecules.

Surface-enhanced Raman scattering (SERS) offers multi-
plexed detection with a single excitation wavelength in

commercially available, portable Raman microscopes. It is a
potential technique for point-of-care applications in biological
and chemical sensing.1−5 Sensors based on Raman labels have
advantages over those based on fluorescent labels.6−10 In
fluorescent assays, organic dyes suffer from photobleaching
while inorganic quantum dots are vulnerable to fluorescence
quenching by the complex sample matrix. Raman sensors
overcome both shortcomings. However, Raman scattering is
extremely inefficient due to the small Raman scattering cross
section of molecules (∼10−30 to 10−25 cm2), which is
significantly smaller than the fluorescence cross section
(∼10−16 cm2).11

The SERS intensity of Raman labels can be amplified via two
mechanisms, that is, chemical enhancement (CE) and electro-
magnetic (EM) enhancement. The EM enhancement originates
from localized surface plasmon resonance (LSPR) that
concentrates the incident light, creating intense local EM
fields.6,12−18 Since the SERS signal is proportional to the fourth
power of the EM field, the limit of detection (LOD) of SERS
sensors can be greatly increased by optimizing the size, shape,
and composition of plasmonic nanostructures.19−24 Currently,
nanoparticles suspended in a solution are widely used as the
SERS detection platforms,25−29 in which the SERS signal is
enhanced by covalently anchoring Raman labels onto the

plasmonic gold (or silver) nanoparticle surface. The SERS
signal can be further enhanced by the formation of small, high
intensity “hot spots” when two nanoparticles are brought into
close proximity so that their LSPR fields are coupled. Various
nanoparticle geometries have been explored to optimize the
intensity of the hot spots in a solution or on a metallic
film.25−29 Despite these attempts, the LOD of nanoparticle-
based SERS sensors has been restricted to the picomolar
level.30,31 To further improve the LOD of SERS sensors, it is
desired to increase the coupled plasmonic field both in intensity
and in space.
The most promising route to increase the spatial extent of

the LSPR field is pairing colloids with periodic nanostructures.
LSPR in periodic and aperiodic plasmonic nanostructures can
lead to EM enhancement over a large volume because of
coupling between repeated components of the array.32−37 A
periodic nanostructure can be applied to a sensor by coupling
nanoparticles with a planar periodic array via DNA hybrid-
ization. When the DNA hybridization takes place, the resulting
plasmonic field will increase both in space and in intensity due
to the quasi-periodicity of the overall pattern. The spatially
broadened EM field will enhance the SERS signal of Raman
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reporters, further lowering the LOD. The signal-to-noise ratio
in coupled plasmonic sensors is determined by the difference in
the LSPR enhancement before and after hybridization.
Herein, a SERS sensor is constructed based on the Ag

nanorice@Raman label@SiO2 sandwich nanoparticles that are
coupled to a periodic Au triangle nanoarray via the linkage of
hepatitis B virus (HBV) DNA. Such architecture is expected to
result in the spatially enhanced EM field of the quasi-perioidic
array, leading to ultrasensitive SERS detection. In the sandwich
nanoparticles, malachite green isothiocyanate (MGITC)
molecules are chosen as the Raman labels that are embedded
between the Ag nanorice core and the SiO2 shell. The
plasmonic Ag nanorice acts as the SERS substrate. The thin
SiO2 shell renders the water solubility and provides a platform
for conjugation of molecular recognition elements.6,7 This
sandwich nanostructure also concentrates the Raman labels and
prevents them from leaching during the sensing process.6,7 The
designed SERS sensor is used for detection of HBV DNA, since
hepatitis B is a prevalent and potentially life-threatening disease
caused by the HBV. Chronic carriers of “inactive” HBV often
have no symptoms but can still transmit the virus to others.
Hepatitis B can lead to chronic liver disease, cirrhosis of the
liver, and even liver cancer. About 350 million people
worldwide are chronic carriers of HBV, and more than 620
000 die from liver-related diseases each year.38 In the United
States alone, about 800 000 to 1.4 million people are chronic
HBV carriers, many of whom are undiagnosed. HBV causes
around 3000 deaths each year.38 It is imperative to develop a
highly sensitive and inexpensive sensor as a point-of-care device
for early detection of HBV.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Malachite green isothiocyanate

(MGITC) was purchased from Molecular Probes, Inc. 3-
Triethoxylsilylpropyl succinic anhydride (TEPSA) was pur-
chased from Gelest Inc. (3-Aminopropyl) trimethoxylsilane
(APTMS), 5 M NaCl solution, sodium silicate stock solution
(26.5% SiO2 in 10.6% Na2O), N-hydroxysuccinimide (NHS),
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC), 11-
mercaptoundecanoic acid (MUA), and 11-mercapto-1-undeca-
nol (MU) were purchased from Sigma−Aldrich. Na2HPO4
(99.0%) and NaH2PO4 (99.0%) came from Alfa Aesar. HBV
DNAs used in the work were obtained from Integrated DNA
Technologies (IDT), and the sequences are listed in Table 1.39

Deionized (D.I.) water was produced by a Milli-Q Millipore
system (18.2 MΩ·cm, Millipore Corp). All solvents were
obtained from the commercial sources and used without further
purification.
Synthesis of Sandwich Nanoparticles. Ag nanorice was

synthesized by a polyol process reported previously.40 Ag
nanorice@MGITC@SiO2 sandwich nanoparticles were pre-

pared according to a procedure described below. First, 1 mL of
the as-synthesized Ag nanorice solution (optical density, OD =
2.73; concentration = ∼1010 mL−1) was centrifuged and washed
with ethanol at least 5 times to remove the surfactants on the
Ag nanorice surface, and then, it was redispersed into 8 mL of
ethanol. Fresh APTMS aqueous solution (100 μL, 2.0 mM)
was added and stirred for 30 min to coat the Ag nanorice
surface with the amine group. MGITC aqueous solution (500
μL, 100 μM) was dropwise added with constant stirring for an
additional 30 min. Following this, 50 μL of fresh sodium silicate
(0.54 wt %) was added and stirred for 10 min, followed by
addition of 4 mL of ethanol. This suspension was kept
undisturbed for one day before an additional 4 mL of ethanol
was added and then kept another day to generate a thin and
dense SiO2 layer. Finally, the resulting suspension was
centrifuged and washed with ethanol to remove some
impurities, and the precipitates were collected.

Fabrication of Au Triangle Nanoarray Chip. The Au
triangle nanoarray on a Si wafer was fabricated using the
nanosphere lithography technique.41,42 Briefly, a monolayer of
hexagonally close packed polystyrene spheres (500 nm in a
diameter) were self-assembled on a Si wafer. A 10 nm thick
titanium and a 50 nm thick Au layer were then deposited on the
Si wafer using e-beam evaporation. Subsequently, the chips
were sonicated in ethanol to lift off the polystyrene spheres,
leaving an array of Au triangles on the Si wafer.

DNA Functionalization of Sandwich Nanoparticles
and Au Chip. The Ag nanorice@MGITC@SiO2 sandwich
nanoparticles obtained above were redispersed into ethanol to
obtain an ethanolic solution (OD ≈ 2.7). TEPSA (100 μL) was
added to 100 μL of sandwich nanoparticle suspension and then
incubated for 4 h to achieve carboxyl group-terminated
sandwich nanoparticles. After centrifugation, 100 μL of
phosphate-buffered saline (PBS) solution containing 50 mM
NHS and 200 mM EDC was added and incubated for 2 h to
activate the carboxyl group for DNA conjugation by
carbodiimide chemistry.6,7 In the next step, 50 μL of 20 μM
signaling probe was added and incubated overnight. The
resulting suspension was centrifuged and washed with a
cleaning buffer (10 mM Na2HPO4/NaH2PO4, 0.3 M NaCl,
and pH = 7.0) to remove excessive DNA. As a result, the
DNA−sandwich nanoparticle conjugates were achieved and
then dispersed into a hybridization buffer solution (100 mM
Na2HPO4/NaH2PO4, 0.75 M NaCl, and pH = 7.0) for future
use. The loading of attached DNA was around 63 signaling
probes per sandwich nanoparticle based on the intensity of
absorption peak in the UV−visible spectrum (1 OD260 = 7
nmol/L shown in IDT’s report).
Functionalization of the chips (Au triangle nanoarray and the

Au planar film) was carried out according to our previous
paper.7 Briefly, the chips were cleaned by plasma etching and
successive immersion in CH2Cl2, D.I. water, and ethanol each
for 10 min and then dried in a vacuum oven at 60 °C for 1 h.
The cleaned chips were incubated overnight in an ethanolic
solution containing 100 mM MUA and 100 mM MU and then
washed with ethanol and D.I. water, respectively. The resulting
MUA/MU-modified chips were activated by immersion in a
PBS solution containing 50 mM NHS and 200 mM EDC for 2
h. The activated MUA/MU-modified chips were immersed in a
PBS solution of 20 μM DNA-capture probe. After immobiliza-
tion of the DNA-capture probe, the chips were successively
rinsed with the cleaning buffer solution to remove excessive
DNA.

Table 1. Sequences of Single-Stranded DNAs Used in
Present Work

name sequence

DNA-capture probe 3′-NH2-C6-TAT GGT GTA GTA GGT-5′
DNA-detection probe 5′-NH2-C6-TGG CTT TCA GTT ATA-3′
DNA target 5′-ATA CCA CAT CCA TAT AAC TGA AAG

CCA-3′
single-base mismatched
DNA

5′-ATA CCA CAT CCA CAT AAC TGA AAG
CCA-3′
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Characterization. UV−visible absorption spectra were
acquired by a Shimadzu UV-2550 spectrometer. Scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM) images were collected with a field-emission
JEOL JSM-7600F scanning electron microscope and a JEOL
JEM-2100F transmission electron microscope, respectively, at
an acceleration voltage of 200 kV. Fourier transform infrared
(FT-IR) spectra were obtained from the chips under the
attenuated total reflection (ATR) mode with a Thermo Nicolet
6700 spectrometer.
DNA Detection. Figure S1 of the Supporting Information

shows the schematic configuration of a portable Raman
spectrometer (Inspector Series, DeltaNu), which is suitable
for point-of-care detection in remote environments. Raman
spectra were recorded in the range from 200 to 2200 nm under
excitation of a 785 nm laser. Calibration and normalization of
the Raman spectra were done with polystyrene. Three spectra
from different sites were collected from each sample and
averaged to represent the SERS results. The maximum laser
power on the sample was around 0.011 mW, which was
measured by a power meter (Newport, model-1918-R). The
SERS acquisition time was 10 s.
Finite Difference Time Domain Simulations. Following

our previous work,6,43 finite difference time domain (FDTD)
simulations were performed using the open source MEEP (an
acronym for MIT Electromagnetic Equation Propagation)
code. An explanation of the implementation of the FDTD
algorithm and perfectly matched layer (PML) layers in MEEP
can be found in the ref 44. The dielectric function used for both
Ag and Au was a series of four Lorentz sums fitted to the data
of Johnson and Christy.45 The fitting for Au and Ag was first
optimized to match the values predicted by Mie theory for a 15
nm nanosphere.46 It was also checked if theoretical absorption
curves for the Ag nanorice matched the experimental data. The
simulated Ag nanorices were 400 nm in length and 60 nm in a
diameter. The absorption of the nanorice matched the
experimental data. The data of the dimensions of the Au
triangle array were taken from the SEM image. A mesh size of 1
nm was used in all simulations, and convergence was checked
up to this mesh size. To output the three-dimensional (3D)
EM field, a plane wave, constant wavelength source at 785 nm
was utilized, and the boundary conditions were perfectly
matched layers. The EM field was output over several times
throughout the entire volume and normalized against the input

source power. The incident wave vector was always
perpendicular to the surface. Both parallel and perpendicular
polarizations were tested for all the shapes in order to replicate
experimental conditions. The polarization corresponding to the
largest EM field enhancement is shown in the EM field
visualizations. A background dielectric constant of 1.33 was
used to replicate the liquid phase of the sensor. The
visualization was done in the open source MayaVI2 software.

■ RESULTS AND DISCUSSION
Operating Principle of SERS Sensor. A sandwich

architecture of nanoparticle/analyte/chip was used in the
SERS sensor (Figure 1). The nanoparticle also has a sandwich
structure of Ag nanorice@MGITC@SiO2, as shown in Figure
1. On average, the Ag nanorice core had a diameter of 50 nm
and a length of 300 nm (Figure 2a), and the SiO2 shell was 5−6
nm thick (Figure 2b). The Ag nanorice showed two strong

Figure 1. Schematic illustration of the sandwich structure of Ag nanorice@Raman label@SiO2 and the operating principle of the SERS sensor for
HBV DNA detection. Zoom-in: the sandwich structure of Ag nanorice@Raman label@SiO2..

Figure 2. TEM images of (a) Ag nanorice and (b) Ag nanorice@
MGITC@SiO2 sandwich nanoparticles; (c) UV−visible absorption
spectra of Ag nanorice and Ag nanorice@MGITC@SiO2 sandwich
nanoparticles; (d) SEM image of the Au triangle nanoarray pattern on
the Si substrate. Inset: the zoom-in SEM image of the Au triangle
nanoarray.
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LSPR bands at 400 and 1500 nm, respectively (Figure S2,
Supporting Information). A less than 15 nm redshift of the
LSPR band was observed after the Ag nanorice was coated with
a SiO2 shell (Figure 2c). The nonfluorescent Raman reporter
(MGITC) was covalently bound onto the Ag nanorice core.
The sandwich nanoparticles showed the characteristic Raman
spectrum of MGITC (Figure S3, Supporting Information). The
assignments of SERS peaks of MGITC are listed in Table S1 of
the Supporting Information. The DNA-detection probe was
conjugated on the surface of the Ag nanorice@MGITC@SiO2
nanoparticle (Figure S4a, Supporting Information). The chip
used was a Au triangle nanoarray pattern on the Si wafer
(Figure S4b, Supporting Information), which was fabricated
with nanosphere lithography.41,42 The Au triangle pattern was
fabricated with 500 nm polystyrene spheres, and the closest gap
between two adjacent triangle dots was 190 nm (Figure 2d).
This Au triangle nanoarray acted as the periodic plasmonic
substrate. The DNA-capture probe was immobilized on the
surface of Au triangles on the chip (Figure 1). FT-IR
measurement has confirmed the successful immobilization of
DNA-capture probe on the chip (Figure S5, Supporting
Information).
The DNA detection process included two hybridization steps

that were performed in a humid chamber (Figure 1). The chip
functionalized with the DNA-capture probe was first immersed
in a solution containing the DNA target. After 10 min of
incubation, the chip was rinsed by the buffer solution to remove
excessive DNA. Subsequently, the chip was immersed in a
buffer solution containing the sandwich nanoparticles con-
jugated with the DNA-detection probe. After 0.5 h of
incubation, the nanoparticle/DNA/chip structure was formed.
After a vigorous washing with the cleaning buffer solution, the
Raman spectrum of MGITC was collected from the nano-
particle/DNA/chip structure. The Raman intensity was
dependent on the number of the sandwich nanoparticles
coupled to the chip, which was directly proportional to the
concentration of the DNA target.
Detection of DNA with SERS Sensor. The above-

mentioned SERS sensor was used to detect the HBV DNA.
Figure 3a shows the SERS spectra that corresponded to various
concentrations of the HBV DNA target (0.01 fM to 2.0 nM). A
negligible SERS signal was detected when the concentration of
the DNA target was below 0.05 fM. The SERS intensity
increased significantly with an increase in the concentration of
the DNA target. The SERS intensity became saturated when
the DNA concentrations exceeded 1.0 pM. Figure 3c depicts
the calibration curve that plotted the intensity of the SERS peak
at 1335 cm−1 as the logarithmic concentration of the DNA
target. The calibration curve in Figure 3d showed a linear range
from 0.5 to 100 fM. In the linear region, the least-squares fitting
was y = 1000 + 1600x with a regression coefficient (R2) of
96.5%, where y is the SERS intensity at 1335 cm−1 and x is the
logarithmic concentration of the DNA target. According to the
International Union of Pure and Applied Chemistry (IUPAC)
standard, the LOD was estimated to be 50 aM based on the 3s/
m criterion,47 where m is the slope for the linear range and s is
the standard deviation of the blank (n = 10; n is the number of
spectra acquired). Table 2 lists the performance data of
different DNA measurement techniques such as fluorescence,
polymerase chain reaction (PCR), electrochemistry, and
colorimetry.48−56 It can be seen that the LOD of the SERS
sensor in the present work was significantly lower than those of
most sensors based on conventional methods. The LOD is

governed by several factors, including (i) the signal
amplification capability of the local plasmonic field of SERS
substrate, (ii) the affinity of the DNA target with the capture
and detection probes, which is dependent on the dissociation
constant, (iii) the noise level of instrumentation, and other
factors. The present work is focused on the development of a
new nanoarchitecture that is able to generate a strong
plasmonic field.
The selectivity of the nanoparticle/analyte/chip sensor was

tested with the single-base mutants of HBV DNA. Figure 3b
shows the SERS spectra in the presence of various
concentrations of single-base mutants. No SERS peak of
MGITC was observed even when the concentration of the
single-base mutant increased as high as 2.0 nM. This indicated
that the DNA hybridization cannot happen in the case of
single-base mismatched mutants, which confirmed extremely
high selectivity of this DNA sensor.

SERS Enhancement by Plasmonic Nanostructures.
The SERS sensor based on the nanoparticle/analyte/chip
architecture showed a very low LOD toward HBV DNA. The
major reason was that the SERS signal of MGITC was
significantly amplified by the EM enhancement of the
plasmonic nanoparticle/DNA/chip nanostructure. FDTD
simulations were performed to clarify this point. Figure 4a
shows the 3D EM field distribution surrounding the free-
standing Ag nanorice. It was seen that the Ag nanorice had a
local EM field enhancement |E|2 of ∼50 (Figure 4a), which
created a SERS enhancement |E|4 of ∼2,500. A similar
simulation result was seen for the Au triangle nanoarray
(Figure 4b). The largest local EM field enhancement |E|2 was
∼14, which created a SERS enhancement |E|4 of ∼200.
Simulation was performed with the incident EM field
polarizations along the short and long axis of both geometries;
only the strongest EM field enhancement is shown in Figure 4.

Figure 3. SERS spectra taken from the nanoparticle/target/triangle
nanoarray with various concentrations of DNA of (a) HBV DNA
target (0.01 fM, 0.1 fM, 0.5 fM, 1.0 fM, 5.0 fM, 10 fM, 50 fM, 0.1 pM,
0.5 pM, 1.0 pM, 50 pM, 0.5 nM, and 2.0 nM) and (b) single-base
mismatched DNA (0.01 fM, 0.1 fM, 0.5 fM, 1.0 fM, 10 fM, 0.1 pM, 1.0
pM, and 2.0 nM); (c) plot of the Raman intensity at 1335 cm−1 as a
function of the logarithmic concentration of HBV DNA and (d) the
linear region of (c).
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It should be noted that the EM field enhancements of both the
Ag nanorice and the Au triangle array are not optimized for the
Raman laser wavelength.
When the Ag nanorice and the Au triangle array were

coupled into proximity (Figure 4d,f), the intensity of the local
EM field increased not only in its magnitude but also
significantly in its spatial distribution. The exact distribution
of the Ag nanorice on top of the Au triangle array cannot be
simulated. To replicate experimental conditions, several base
arrangements of Ag nanorice on the Au triangle nanoarray were
tested, of which superpositions could be made to create any
orientation. It was seen that, when the nanorice formed dimers

on top of the Au triangle array (Figure 4d,f), the signal was
orders of magnitude higher than that in plane orientations
(Figure S6, Supporting Information). The nanorice will attach
to the triangular array in a random orientation. In this random
orientation, several dimers of all orientations are expected to
exist. Even if few dimers assemble in permutations close to the
optimal position, the signal produced by these pairs will be
orders of magnitude higher than the other orientations,
dominating the SERS signal. Therefore, the peak sensor
response can be approximated by the nanorice orientations
that lead to the highest EM field response.

Table 2. Summary of the Performance Data of DNA Sensors Reported Previously

sensing system sensing principle type of assay linear range (M) LOD (M) ref

DNA/Au microarray SPR imaging direct not determined (ND) 1.0 × 10−8 48
Au nanoparticle/DNA/Au film SPR reflectance direct ND ∼1.0 × 10−14 49
SiO2 nanoparticle/DNA/glass fluorescence sandwich ND 8.0 × 10−16 50
ND PCR direct 2.88 to 2.69 × 107 IU/mL 56 IU/mL 51
dye/DNA/quantum dot fluorescence sandwich 0 to 5.0 × 10−7 4.0 × 10−9 39
methylene blue/DNA/electrode electrochemistry sandwich ND 1.0 × 10−13 52
Au nanoparticle/DNA/Au electrode conductance sandwich ND 5.0 × 10−13 53
molecular beacon/exonuclease III colorimetry sandwich 2.0 × 10−17 to 2.0 × 10−13 1.0 × 10−14 54
Pb−Sn/DNA/Al substrate scanning calorimetry sandwich ND 8.0 × 10−14 55
Au nanoparticles colorimetry direct ND 1.0 × 10−12 56
our SERS sensor SERS sandwich 5.0 × 10−16 to 1.0 × 10−13 50 aM

Figure 4. 3D FDTD simulated electromagnetic field enhancement of (a) Ag nanorice, (b) Au triangle nanoarray, (c, e) Ag nanorices coupled to the
planar Au film, and (d, f) Ag nanorices coupled to the Au triangle nanoarray. The electromagnetic field enhancement scale is normalized by |E/E0|

2,
and the applied incident laser wavelength is 785 nm, perpendicular to the surface. Kz refers to the incident wavevector, and Ex or Ey refers to the
electric field polarization for the simulation.

Analytical Chemistry Article

dx.doi.org/10.1021/ac303387a | Anal. Chem. 2013, 85, 2072−20782076



In an optimized position with the nanorice forming dimers
on the top of the triangle, the normalized local EM field due to
LSPR showed an enhancement |E|2 of ∼85 or ∼200 depending
on orientation, which theoretically resulted in a SERS
enhancement |E|4 of ∼7000 and ∼40 000. This is at least an
order of magnitude increase in signal as compared to the other
sensor configurations. In particular, the coupling mode between
the triangular array and short axis of the nanorice creates a
spatially broadened plasmonic field of high intensity. The low
LOD in the coupled plasmonic SERS sensor can be associated
with the formation of spatially broadened plasmonic hot spots
in the randomly oriented coupled colloidal nanorice/triangle
substrate array during DNA hybridization. The resulting SERS
signal is much higher in the presence of the analyte than the
uncoupled structures, leading to an increased LOD.
To demonstrate that the spatially broadened plasmonic hot

spot was a result of the quasi-periodic array and not the
formation of randomly oriented Ag nanorice dimers, the
simulations were repeated with the Au triangle nanoarray
substituted by a Au planar film. The FDTD simulations show
the opposite situation when the Ag nanorice are coupled to the
Au planar film (Figure 4c,e). Figure 4c,e shows the EM field for
the same nanorice/film configuration. The LSPR-induced local
EM field distribution increased spatially for coupling but was
weakened in the peak intensity. This negative effect was due to
the fact that the dielectric constant of the Au film shifted the
longitudinal LSPR of the Ag nanorice further from the
excitation wavelength (785 nm) used in the SERS sensor. In
addition, the gold planar film can dampen the resonance, since
image charges were created in the Au conductor, leading to a
loss in the EM field intensity. Previous reports have shown
small high-intensity hot spots between a nanoparticle and film.
However, no such spots existed under the excitation of the 785
nm laser.
To confirm the FDTD simulation results of the nanorice/

film and the nanorice/nanoarray structures, the SERS signals of
the nanoparticle/analyte/nanoarray chip and the nanoparticle/
analyte/film chip were measured in the presence of 1.0 pM
HBV DNA (Figure 5). The SERS spectrum of the nano-
particle/analyte/nanoarray chip in the presence of single-base
mismatch DNA is also shown for comparison. It can be
observed that the nanoparticle/DNA/nanoarray chip exhibited
a significantly stronger SERS signal than the nanoparticle/
DNA/film chip in the case of identical HBV DNA
concentrations. These results have demonstrated that a lower
LOD is possible for an existing DNA-based colloidal detection
scheme simply by switching to a quasi-periodic coupled
plasmonic nanoarchitecture.
The lower LOD is a result of the ∼104 EM field

enhancement distributed over a large area and the large
difference between the background signal of the uncoupled
nanorice and the signal of the coupled pattern. Although
previously reported plasmonic architectures have shown hot
spots with EM field enhancements as high as 106−108, the
enhancement is focused on a hot spot in a few nanometers and
is not always conditional in the presence of the analyte. The
spatially broadened hot spot enhances the SERS even when few
Raman reporters are present, leading to a low LOD. The
advantage of a periodic architecture is that it creates a
distributed enhancement of the EM field, which even at
lower EM field, enhancement factors can still greatly reduce the
LOD as demonstrated in the detection of HBV DNA.

■ CONCLUSIONS
In summary, a SERS sensor was developed for ultrasensitive
detection of HBV DNA. The SERS signal was detected when
the Ag nanorice@MGITC@SiO2 sandwich nanoparticles were
coupled to a Au triangle nanoarray via the linkage of the DNA
target. The coupling between the sandwich nanoparticles and
the Au triangle nanoarray created an intense, spatially
distributed electromagnetic field. As a result, the SERS sensor
was able to sensitively detect the HBV DNA with a limit of
detection as low as 50 aM. The SERS sensor can effectively
discriminate and detect a single-base mismatch mutant of HBV
DNA. By comparing the SERS intensities of the nanoparticle/
DNA/nanoarray chip and the nanoparticle/DNA/film chip, it
has been concluded that the spatially increased plasmonic field
in coupled quasi-periodic arrays can improve the LOD of the
SERS sensor. The sensor engineered in this report can be
extended to detection of other analytes such as small molecules,
proteins, viruses, and explosives.
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