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ABSTRACT: Stable metal nanoclusters (NCs) with uniform
interior nanogaps reproducibly offer a highly robust substrate for
surface-enhanced Raman scattering (SERS) because of the
presence of abundant hot spots on their surface. The synthesis
of such an SERS substrate by a simple route is a challenging task.
Here, we have synthesized a highly stable wirelike cluster of silver
nanoparticles (Ag-NPs) with an interparticle gap of ~1.7 £ 0.2
nm using deoxyribonucleic acid (DNA) as the template by
exploiting an easy and inexpensive chemical route. The red shift
in the surface plasmon resonance (SPR) band of Ag-NCs
compared to SPR of a single Ag-NP confirms the strong interplasmonic interaction. Methylene Blue (MB) is used as a
representative Raman probe to study the SERS effect of the NCs. The SERS measurements reveal that uniform, reproducible,
and strong Raman signals were observed up to the single-molecule level. The intensity of the Raman signal is not highly
dependent on the polarization of the excitation laser. The DNA-based Ag-NCs as a substrate show better isotropic behavior for
their SERS intensity compared to the dimer, as confirmed from both the experimental and theoretical simulation results. We
believe that in the future the DNA-based Ag-NCs might be useful as a potential SERS substrate for ultrasensitive trace detection,
biomolecular assays, NP-based photothermal therapeutics, and a few other technologically important fields.
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1. INTRODUCTION Therefore, a lot of efforts have been focused on the study of the
impact of the different parameters and properties of the
nanostructured metal substrates to enhance their SERS
efficiency.'>**” Recent studies showed that the gap between
metallic nanostructures plays an important role to increase the
SERS efficiency.”®**° Many sophisticated techniques like
focused-ion-beam, optical, and electron-beam lithography
have been used to prepare SERS substrates with a uniform
particle size and tunable gap between the particles.*'~>*
However, most of the techniques are expensive, and it is not
easy to reach an interparticle gap of less than § nm.* In practice,
interparticle gaps within 2 nm experience a significant field-
enhancement effect.® It is reported that the self-assembled
structures of NPs can significantly reduce the interparticle gap,
resulting in good sensitivity in SERS.>® The exciting prospects
of utilizing self-assembled nanostructures for application in
various tyé)es of fundamental and applied studies have been
reported.”® Moreover, the self-assembled Ag-NPs show good
sensitivity and specificity as a potential SERS substrate by
exhibiting their utility for multiplexed lab-on-a-chip devices.*
Recently, a few other studies highlighted the importance of the

Surface-enhanced Raman scattering (SERS) is a surface-
sensitive technique that enhances the Raman signal of
molecules adsorbed on rough metal surfaces by a factor of
10" to 10', which empowers Raman spectroscopy as a
powerful tool for the identification of trace amounts of
chemical and biological species.'~” It is well known that the
detection at the single-molecule level is the ultimate sensitivity
desired for many areas of research such as biosensing, analytical
chemistry, and biomedicine.*” The localized electromagnetic
(EM) field, which is usually taken to be proportional to the
fourth power of the ratio between the local electric field and the
incident field, originating from the resonant coupling of the
incident light with surface plasmons, dominates to enhance the
Raman signal in the SERS phenomenon.'®™"” Single metal
nanoparticle (NP) typically do not provide enough enhance-
ment of the Raman signal.'® The plasmonic coupling effects at
the nanometer gap junctions of the aggregated noble-metal
particles (known as hot spots) provide an intensively localized
electromagnetic field, which enables us to detect Raman active
molecules adsorbed at the hot spots with single-molecule
sensitivity.'>'*~>* However, the poor reproducibility of hot
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Scheme 1. Schematic Presentation of the Synthesis of Ag-NCs on DNA“
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“UV—vis absorption spectra at three different stages are shown in the lower panel.

self-assembled structure of metal NPs (either gold or silver) for
SERS studies.”’ ™

The conjugation of NPs with biomolecules yields ordered
architectures that show promising features in different
aspects.’”** Biomolecules have been successfully demonstrated
to have templating capabilities for a number of nanoscale
materials. Among the different biomolecules investigated for
templating purposes, deoxyribonucleic acid (DNA) has been
used as an inexpensive, well-characterized, controllable, and
easily adaptable material whose physical properties can be
explored to build inorganic nanostructures.**™** It is known
that double-stranded DNA molecules have a diameter of ~2 to
3 nm and the length can be varied on the micrometer scale
level. Because of this large aspect ratio, DNA can be used as a
superb platform for the construction of nanoscale assemblies.
Moreover, the intermolecular interactions in DNA are reliably
predicted, and their versatile chemical structure makes them an
effective genetic material for programmed self-assembly.*>**
There are several reports where researchers assembled NPs into
DNA for different applications.”*~*" Fischler and Simon
highlighted a short review where they suggested that the
combination of DNA with NPs can generate a complex
nanoarchitecture that can be potentially applicable for future
technologies.48 Moreover, it is important to note that in
molecular plasmonic studies for lab-on-a-chip devices as well as
molecular detections using SERS technique, DNA and metal
(mainly gold and silver) particles are most commonly
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employed. Therefore, the synthesis of suitable SERS substrate
in an easy and reproducible way with a narrow interparticle gap
is extremely desirable to obtain a highly sensitive SERS signal,
which is necessary for single-molecule detection.

Here, we have used a simple and inexpensive method to
fabricate self-assembled wirelike Ag nano clusters (Ag-NCs) in
a DNA template. Methylene Blue (MB) was used as a
representative Raman probe to study the SERS effect of the
nanoclusters (NCs) junctions. Highly stable, uniform, and
reproducible SERS signals have been observed at up to a
picomolar (pM) concentration of the dye. The enhancement
factor (EF) is greater than 10°, which is sufficient for the
detection of single molecules. The polarization-dependent
SERS study revealed that the intensity of the Raman signal is
not highly dependent on the incident polarization. DNA-based
Ag-NCs as the substrate showed better isotropic behavior for
SERS intensity compared to the dimer, as confirmed from both
the experimental and theoretical simulation results. The
methodology reported here could lead to a uniform platform
for the fabrication of a low-cost substrate to generate a new
class of nanoprobes that might overcome the issues of low cross
sections, signal reproducibility, quantification, and enhanced
sensitivity in SERS. Moreover, the present methodology might
be useful for various applications like ultrasensitive trace
detection, biomolecular assays, nanoparticles-based photo-
thermal therapeutics, and others.
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Figure 1. (a—e) TEM images of the DNA-templated wirelike Ag-NCs at different magnifications from different parts of the sample. The line profile
of the selected region of panel e is shown in panel f. The hot spots are indicated by red dots.

2. EXPERIMENTAL SECTION

2.1. Reagents. Silver nitrate (AgNO;, 99.99%, analytical grade)
and Tris-EDTA buffer solution were purchased from Sigma-Aldrich,
India and used as received. Double-stranded salmon testes DNA with
an average size of ~48 502 bp (base pairs) was purchased from Sigma
and stored at 4 °C. The dye, methylene blue (C,;H,;N;SCl; MB), was
purchased from Loba Chemic Pvt. Ltd., India. Ultrapure distilled water
(UPD) was used for the entire synthesis process and during the other
experiments.

2.2. Preparation of Self-Assembled Ag-NCs on DNA. An
AgNO; stock solution (107> M) was prepared, covered with a black
paper, and stored in the dark to protect it from sunlight. A stock
solution of DNA (60 pg/mL) was prepared by mixing a proper
amount of DNA with Tris-EDTA buffer solution using UPD water.
The solution containing the DNA was stirred using a magnetic stirrer
for about 1 day to obtain a homogeneous solution of DNA in water. A
measured volume of the AgNO; solution was mixed with the
measured DNA solution, and the resulting solution mixture was placed
under UV light at a wavelength of 260 nm for about 3 h. After the
completion of the reaction, the solution became light-yellowish to
yellowish-green (depending on the concentration ratio of DNA with
Ag(I) ions), which confirmed the formation of Ag-NPs. The formation
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of Ag-NPs was further confirmed from the SPR bands in the UV—vis
spectrum.

2.3. Preparation of Samples for SERS Studies. A wide range of
MB solutions having different concentrations (1 X 107 to 1 x 107"
M) were prepared for the SERS measurements. The concentration of
the Ag-NCs remained the same for all of the MB solutions at different
concentrations. The measurements were carried out both in the
solution phase and for dried samples. The dried samples were
prepared by dropping the incubated solution of MB and Ag-NCs on a
silicon substrate and allowing it to evaporate in a vacuum desiccator
overnight.

2.4. Instruments Used for Various Characterizations. UV—vis
spectroscopy was carried out using a Lambda-25 PerkinElmer
spectrophotometer. TEM analysis was done using a Tecnai TEM
instrument (Tecnai G2 F20, FEI) with an accelerating voltage of 200
kV to determine the particle size, shape, and morphology. The Raman
scattering experiments were performed using a micro-Raman set up
consisting of a spectrometer (model Lab RAM HR, Jobin Yvon) and a
Peltier-cooled charge-coupled-device (CCD) detector. An air-cooled
argon ion (Ar") laser with a wavelength of 488 nm was used as the
excitation light source, and a 100X objective with a numerical aperture
(NA) of 0.9 was used to get the laser spot diameter of ~0.7 ym.

dx.doi.org/10.1021/am402448;j | ACS Appl. Mater. Interfaces 2013, 5, 7798—7807
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3. RESULTS AND DISCUSSION

The UV—vis spectra at various stages of the synthesis process of
the Ag-NCs in DNA are shown in the lower panel of Scheme 1.
A clear aqueous solution of DNA showed a 4, at ~260 nm
resulting from the absorption by the aromatic bases in the
DNA, as shown in the left spectrum of the lower panel of
Scheme 1. Upon mixing the aqueous AgNO; solution with the
DNA solution, a weak hump was observed with an absorption
maxima at ~420 nm (middle spectrum of the lower panel of
Scheme 1) in addition to the parent DNA peak because of the
instantaneous formation of the DNA—Ag" complex. After
continuous UV exposure of the solution mixture containing the
DNA—Ag" complex, a strong peak centered at around 440 nm
appeared in addition to the parent DNA peak, as shown in the
right spectrum of the lower panel of Scheme 1. This new peak
at 440 nm is attributed to the surface plasmon resonance (SPR)
of the Ag-NCs.*7>* TEM analyses were performed to confirm
the formation of Ag-NCs and to determine their size, shape,
and morphology. Wirelike Ag-NCs were formed along the
length of the DNA, as shown in Figure la—e at different
magnifications from the different parts of the sample. The
average diameter of the Ag particles is 17 + 3 nm. The line
profile of the image contrast for the selected region of Figure le
is shown in Figure 1f. The sharp drop in contrast is due to the
presence of a hollow gap between the NPs. The average gap
between the individual NPs (indicated by red spot in Figure 1f)
is estimated from the line profile to be ~1.7 + 0.2 nm. In this
narrow gap, the red shift of the SPR peak of Ag-NCs from
individual Ag-NPs is due to the interaction of the induced
dipoles.53’54 In the simulation part of this work, discussed later,
the detailed effect of the dipole interactions is elaborated upon.

The formation mechanism of the Ag-NCs on DNA is shown
in the upper panel of Scheme 1. Initially, after the addition of
the Ag(I) ions to DNA, they form an instantaneous DNA—
Ag(I) complex by embedding the Ag ions inside the double
helix of the DNA. In the presence of continuous UV irradiation,
the DNA—Ag(I) complex gets reduced, forming the Ag(0)
particles that grow onto the DNA chain. Therefore, both the
presence of DNA and UV light are crucial for the formation of
Ag-NCs. It is well known that DNA has a negatively charged
phosphate backbone and also has a chainlike structure, which
gives rise to stabilized Ag-NCs with a definite morphology.
Previously, Kundu et al. synthesized electrically conductive CdS
nanowires in the presence of DNA and UV light and observed
that DNA plays a major role in the formation of uniform
nanowires.” Here, in our study, the positively charged Ag(T)
ions initially bind with the negatively charged DNA molecules
because of the electrostatic interactions and formed a stable
DNA—Ag(I) complex, which can be confirmed from the shift in
the absorption bands (middle spectrum of the lower panel of
Scheme 1) compared to that of pure DNA. Now, in the
presence of continuous UV light, the Ag(I) ions attached to
DNA get reduced and form Ag(0) particles. Therefore, both
the presence of DNA and UV lights are important for the
synthesis of Ag-NPs. Here, DNA plays a dual role: first, it
reduces the Ag(I) to Ag(0), and then the Ag(0) particles get
stabilized along the DNA chain, probably via the nitrogen-
containing base molecules present in DNA. The formation of
Ag—nitrogen bonds was further confirmed from the FT—IR
analysis (data not shown) by comparing pure DNA and DNA-
templated Ag-NPs. The reducing capability of DNA in the
presence of UV light can be explained as follows. In DNA,
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hydroxyl group is present in the deoxyribose sugar. It was
reported earlier that the presence of hydroxyl group in some
organic compounds can reduce metal ions to metal NPs during
UV irradiation.”®*” In the presence of UV irradiation, the
hydroxyl group breaks down to generate radical species,
solvated electrons, or singlet oxygen species that are used
during the reduction of metal ions to metal (0). In our
proposed reaction, we also assume that the radical or singlet
oxygen species probably play a major role in the reduction of
Ag(I) to Ag(0).The reduction capability of DNA resulting from
the presence of the hydroxyl group can be further proven by
one control experiment. Instead of DNA, we used a negatively
charged surfactant, sodium dodecyl sulfate (SDS), which was
unable to generate any Ag particles on our proposed time scale
under the same experimental conditions because of the lack of
hydroxyl group on its structure. We also checked the specific
role of UV light in our synthesis process. It was observed that in
the absence of UV light no Ag-NPs were formed on our
experimental time scale. Moreover, although we exposed the
sample to UV light at 360 nm (away from the DNA absorption
peak at 260 nm), we were unable to detect the Ag-NPs on the
basis of the characteristic SPR peak and color of the solution on
our experimental time scale. Therefore, these control experi-
ments confirm that both the presence of DNA and UV light are
crucial for the formation of self-assembled Ag-NCs on DNA
chains. We observed that the formation of the DNA—Ag"
complex was instantaneous and 3 h of UV exposure was
sufficient for the complete formation of the Ag-NPs. A longer
exposure time (4—7 h) causes the agglomeration of the Ag-NPs
in DNA, which gets precipitated in the solution, as confirmed
from the TEM analysis (data not shown). During the synthesis,
the preformed Ag(0) particle acts as a catalyst for the reduction
of the remaining Ag(I) ions in solution, and finally all of the
Ag(I) ions get reduced on the DNA and generate the self-
assembled Ag-NCs on the DNA chains. We believe that the
reduction mechanism of all of the Ag(I) ions proceeds via the
‘autocatalytic growth’ route where once a metal atom is evolved
as a nucleation center it can act as a catalyst for the reduction of
the remaining metal ions present in the solution via
autocatalysis.>® In our case, the Ag colloids were finally formed
by the reduction of Ag ions with DNA via the transient
intermediate formation of Ag clusters. At the initial stage of
colloid formation, metal atoms were produced, which
subsequently agglomerate and generate the colloidal particles.

To understand the experimental SERS results discussed later,
we have simulated the induced electromagnetic (EM) field for
the case of a linear and a 2D cluster of Ag-NPs. Our SERS
substrate is more complicated than the model we used for the
calculation because of the clusters of many particles. It is
reported earlier that the quantitative result of SERS changes
with the shape and size of the cluster, but the qualitative picture
remains same, in particular in terms of the physics and
characteristics of the hot spots.”® As the major part of the EM
enhancement is mainly due to the hot spots at the gap between
two interacting NPs, the complicated structure of the cluster
can be considerd to be a collection of dimers.

In classical theory, EM enhancement is caused by the
amplification of the electric field resulting from the coupling
between the light and the surface plasmons of the metal
particles.lz’]3 The EM field enhancement factor, M®™, can be
expressed as' "

M™M= [E* () /E' ()T [E"(iy — 15)/E' (g — 1)
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Figure 2. (a) Model for the calculation of the induced EM field at the middle of the gap (d) between two identical Ag particles of radius R. (b) SPR
band of an isolated Ag-NP (A, red curve) of diameter of 17 nm and Ag-NCs (B, black curve) constituted by Ag-NPs of an average diameter of 17
nm. (c) Wevelength-dependent field enhancement at the surface of a single Ag particle (N = 1) as well as at the middle of the gap of a dimer and a
linear array of 20 NPs. (Here, E indicates the direction of polarization of the incident EM field.)

E' and E" are the incident electric field and the total local
electric field in the presence of the metal particle, respectively.
v and vy, are the incident and scattered laser frequencies,
respectively. If << v}, then the above equation can be written
as:

M™ = [E*(1) /E'(1)]*

The total local electric field can be written as the sum of the
incident field and the induced field given by

EL(rm, v) = El(rm, V) + Ei“d(rm, v)

where E™(r,., ) = [G(ry, 1) p(v, r) E*(r, v)dr. Here, G(r,,r)
is the tensor Green function relating points r,;, and r. To get the
gross but essential understanding of the EM enhancement, we
have calculated the local field numerically. A 3D finite element
method has been applied for the calculation.’*®' We have used
the COMSOL Multiphysics program for the entire simulation
study.®

The schematic diagram of a dimer formed by two identical
metal particles of radius R and gap d is shown in Figure 2a. In
the DNA-mediated wirelike Ag-NCs, the particles are oriented
along the length of the wire. We consider the system to be a
collection of many dimers in a linear way. We also consider a
system in which the dimers are arranged in a 2D plane (because
there are few particles along the width of the wires, as can be
seen from TEM images). For the simulation, we have used a
particle size (2R) of 17 nm and an interparticle gap (d) of 1.7
nm. The empirical dielectric function of Ag has been taken
from Johnson and Christy.”> The EM enhancement is highly
sensitive to the dieletric constant of the surrounding medium.
An increase in the medium dielectric constant increases the
electromagnetic coupling between noble-metal nanoparticles of
a coupled system.®* The Ag-NPs in our sample are attached to
the DNA. We assume that 25% of the surface area of the NPs is
covered by DNA. We have determined the effective dielectric
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constant of the medium, which is a mixture of air and DNA, by
using Maxwell—Garnett formalism.*

epnall + 20) + 2¢(1 — 9)
epnall = 0) + &2 + 60)

off = €0

€. is the effective dielectric constant of the mixture of air and
DNA. €, and epy, are the dielectric constants of air and DNA,
respectively. 0 is the fraction of surface area of the NPs covered
by DNA. Taking the dielectric constant of air (&) = 1 and
DNA (epny) = 2.53 from literature,®> we have calculated the
wavelength-dependent EM enhancement in (i) an isolated Ag
NP (N = 1), (ii) a dimer (N = 2), and (iii) a linear array of 20
NPs. The polarization of the incident field is along the direction
of the linear array. Figure 2c shows the calculated results. The
result indicates that the plasmon coupling effect in a coupled
system not only shows the red shift in the optical resonance but
also shows the higher field enhancement as compared to an
isolated particle. We also observed the appearance of higher-
order multipolar resonance at a lower wavelength in coupled
systems. The position of the resonance enhancement for N = 1
at around 370 nm is red shifted to 455 nm for N = 20, which
agrees well with the SPR peak of the isolated NP and Ag-NC
(as shown in Figure 2b). This result indicates that the linear
array of 20 NPs provides a qualitative picture of our Ag-NCs in
terms of EM field enhancement. We would also like to mention
here that the presence of DNA on the surface of the NPs
increases the medium dielectric constant with respect to air.
The increase of the medium dielectric constant reduces the
Coulomb dielectric constant, resulting in the increase of the
dipole moment compared to air. A net increase in the plasmon
coupling strength occurs with the increase in the dipole
moment. We have observed that the presence of DNA in the
medium results in an EM field enhancement that is ~3 times
greater than the air medium.

We have also calculated induced EM field enhancement
profile for a dimer (Figure 3a), a linear array containing 20 NPs

dx.doi.org/10.1021/am402448;j | ACS Appl. Mater. Interfaces 2013, 5, 7798—7807
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Figure 3. Induced EM field enhancement profile along the axis of a (a) dimer, (b) linear array consisting of 20 particles, and (c) 2D 14 X 3 array. In
all the cases, the diameter of the Ag-NP is 17 nm, and the interparticle gap is 1.7 nm. (Here, E indicates the direction of the polarization of the
incident EM field.) (d) Induced EM field enhancement as a function of the number of particles.

(Figure 3b), and a 2D array (Figure 3c) using an excitation
wavelength of 488 nm (because the SERS measurements have
been done using 488 nm). The magnitude of the maximum
induced EM field increases up to 14 NPs and shows a
saturating behavior if we further increase the number of
particles (Figure 3d). Our substrate is not a linear array, rather
it is a complicated orientation of the NPs both along the length
and width. To model this system, we consider a 2D array.
Because of the limitation of computer power, we used an array
with 14 NPs along the length (for this number of particles, the
saturation of EM field enhancement occurs) and 3 NPs along
the width. For incident polarization along the length of the
array, the value of the induced EM field is the same as the linear
array of 14 NPs. Therefore, in the zero-polarization angle there
is no effect of the NPs along the width. The axis of our SERS
substrate is not always parallel to the incident polarization. The
effect of the polarization angle has been discussed later. The
magnitude of the maximum induced EM field amplification for
20 NPs is 100, and the corresponding EF value is 1 X 10°.
The normal Raman spectrum of an aqueous solution of MB
(1 X 107 M) is presented in Figure 4. The characteristic bands
of MB are observed at 1630, 1591, 1544, 1442, 1399, and 1188
cm™", The bands at 1630 and 1591 cm™ are related to
stretching vibration of the C—C ring.°® The Raman lines at
around 1544, 1442, 1399, and 1188 cm ™" can be assigned to the
asymmetric stretching of C—C, asymmetric stretching of C—N,
in-plane ring deformation of C—H, and stretching of C—N,
respectively.”® The time-dependent SERS measurements have
been performed on a 1 X 107 M MB solution immediately
after mixing with Ag-NCs. The cationic MB molecules are
efficiently adsorbed on the negatively charged silver surface.
Figure Sa shows the contour plot of the time-dependent SERS
intensity of MB Raman bands. The spectra corresponding to
the lines on the contour plot are shown in Figure Sb. The
acquisition time for each spectrum was 1 min. The intensity of
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Figure 5. (a) Contour plot of the SERS intensity of MB (1 X 107 M)
with increasing incubation time. (b) Spectra corresponding to the lines
on the contour plot.
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the characteristic Raman peaks of MB increased concomitantly
with the increase in the incubation time. The strongest and
most stable signals were obtained after 1 h of incubation.
Therefore, the subsequent SERS measurements have been
performed after 1 h of aging the MB solution with Ag-NCs to
avoid fluctuation in the intensity of the Raman modes during
the formation of a stable MB—Ag-NPs complex. The stability of
the signal was sustained even after 3 months.

To explore the utility of the DNA-based Ag-NCs as an
efficient SERS substrate, the concentration-dependent SERS
measurements have been performed on the mixtures of Ag-
NCs with MB solutions having concentrations of 1 X 1076 1 X
1078 and 1 X 1072 M. The measurements have been
performed with the dried samples under similar reaction
conditions. Figure 6 shows the UV-vis spectra of the reagents

. a=Ag-NC
03641 z —— b=1X10°(M) MB
< ¢=1X 10"*(M) MB + Ag-NC
= 2 ——d=1X10*(M) MB + Ag-NC
0.27- E
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8 2 2 £
g f
S 0.8 £% 22
= !
5 |
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Figure 6. UV—vis spectra of Ag-NCs (a, black color), MB (b, red
color), and the mixture of Ag-NCs with MB at concentrations of 1 X
1072 M (¢, olive color), 1 X 107® M (d, blue color), and 1 X 10° M
(e, magenta color).

used for making the SERS samples (Ag-NCs, and MB) and the
mixtures of Ag-NCs with MB at different concentrations. The
broadening and shift of the plasmon resonance peak of the Ag-
NCs confirms the adsorption of MB molecules on the surface
of the NCs.***” The schematic representation for the SERS
measurements in the back-scattering configuration is shown in
Figure 7a. The recorded SERS spectra at various concentrations
are shown in Figure 7b. Aqueous Ag-NCs and the bare MB
solution (1 X 107> M) do not show any Raman bands, as can
be seen in the black (A) and green (C) curves in Figure 7b.
However, the characteristic Raman modes of MB were
observed in the SERS spectra at concentrations of less than 1
X 107> M. More importantly, the Raman bands were observed
even for concentration as low as the picomolar level. The
intensity of the Raman signals decreases with the decrease in
the concentration of the dye molecules, which is consistent
with an earlier report.®® To get a quantitative idea from our
measurements, the EF values have been calculated using the
following formula

EF = (ISERS/NSERS)/(Iref/Nref)

where I (Iggrs) and N (Nggrs) are the intensity of the
normal Raman mode (SERS) and the number of molecules in
the reference sample (SERS sample), respectively. The values
of N, (at 107 M) and Nggg (at 107> M) within the area
covered by laser light (diameter of the laser spot ~0.7 ym) are
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calculated to be ~7 X 10° and ~1, respectively. The EF values
at 1628, 1595, 1376, and 1184 cm™ are in the range between
10® and 10'. The experimental EF values are higher than the
theoretically simulated results. This is satisfactory because the
chemical enhancement and surface-roughness effects were not
included in our calculation. Those effects are expected to
increase the Raman intensity in actual experiments.

The optical stability and the reproducibility of our SERS
substrate have been studied by time-dependent Raman
measurements. The acquisition time for a single spectrum
was 1 s, and we collected Raman spectra continuously for 200 s.
Figure 8 shows the Raman spectra collected at positive integer
multiples (1, 2, 3, .., 10) of 10 s. Other spectra are not
presented because of the difficulty in accommodating them in
one figure. Highly uniform and reproducible Raman signals
were observed throughout the measurements. This result
indicates that the substrate is highly stable and shows excellent
reproducibility.

Thus far, we have discussed the efficiency of the SERS
substrate in terms of EF and stability. However, the
understanding of the polarization-dependent study could
eventually be used to extend the application of the SERS
substrate. Figure 9 panels a and b shows the calculated
polarization-dependent induced EM field for a dimer and a 4 X
4 array. In the dimer, the enhancement of the local EM field is
strongly dependent on the polarization of the incident field, and
the enhancement is at a maximum when the polarization is in
the direction of the dimer axis.”” In the 4 X 4 array, the
polarization-dependent induced electric field is more isotropic
with respect to the isolated dimer. The presence of hot spots
for any polarization could be a possible reason for such a
behavior.

The polarization-dependent response of our SERS substrate
for MB bands at 1595 and 1624 cm™" are shown in Figure 9c.
Surprisingly, the intensity variation of the modes with the
polarization angle agrees well with the simulation. We interpret
such polarization-dependent quasi-isotropic behavior to be a
result of entangled electromagnetic coupling between several
particles, as shown in the color plot of Figure 9b. Therefore, in
the present process, we were able to synthesize a highly stable
wirelike cluster of Ag-NPs with an interparticle gap of ~1.7 +
0.2 nm using DNA as the template by exploiting an inexpensive
chemical route that shows uniform, reproducible, and strong
Raman signals up to the single-molecule level. The
experimental results were compared with theoretical simulation,
and were found to be in good agreement. We believe that in
future the newly developed SERS substrate will be useful for
ultrasensitive trace detection, biomolecular assays, NPs-based
photothermal therapeutics, and other technologically important

fields.

4. CONCLUSIONS

We have successfully synthesized highly dense and wirelike Ag-
NCs with an average particle size of 17 + 3 nm using UV
irradiation of a solution mixture containing DNA and silver
nitrate by exploiting a simple wet-chemical route. The average
gap between the individual Ag-NPs is ~1.7 + 0.2 nm, as
observed from TEM analysis. The Ag-NCs in DNA were
shown to act as a potential substrate for the SERS experiment.
The presence of DNA not only plays an important role for the
formation of the Ag-NCs but also remarkably enhances the
SERS signals. The quantitative estimation of the EF values from
the experimental results is within the range of 10° to 10",
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which is sufficient to detect a single molecule. The intensity of
the SERS signals remains almost unaltered even after 3 months
of aging, and the time-dependent uniform SERS response
signifies the high stability and excellent reproducibility of our
samples. Because of the complicated orientation of the Ag-NPs
in the clusters, the polarization response showed better
isotropic behavior for SERS intensity compared to the dimer.
The experimental results were found to match nicely with the
theoretical simulation data. Our study showed a new fabrication
method for a low-cost, highly sensitive SERS substrate.
Therefore, in the future, we believe that the DNA-based
synthesis technique might be useful for the formation of a series
of new nanogap structures for other materials with uniform
morphology that might act as a potential SERS substrate for
label-free biomedical sensing, Raman imaging, and NPs-based
photothermal therapeutics.
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This paper was published on the Web on August 14, 2013, with
minor errors in two equations on the fifth page. The corrected
version was reposted on August 16, 2013.
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