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Label free optical sensing of adenine and thymine oligonucleotides has been achieved at the sub-picomole
level using self assembled silver nanoparticles (AgNPs) decorated gold nanotip (AuNT) arrays. The plat-
form consisting of the AuNTs not only aids in efficient bio-immobilization, but also packs AgNPs in a
three dimensional high surface area workspace, assisting in surface enhanced Raman scattering (SERS).
The use of sub-10 nm AgNPs with optimum inter-particle distance ensures amplification of the chemically
specific Raman signals of the adsorbed adenine, thymine, cytosine and guanine molecules in SERS exper-
iments. High temporal stability of the Raman signals ensured reliable and repeatable DNA detection even

DNA after three weeks of ambient desk-top conservation. This facile architecture, being three dimensional and

Surface plasmon
Nanostructure

non-lithographic, differs from conventional SERS platforms.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Surface enhanced Raman scattering (SERS) has developed into
a frontline tool for chemical analysis and sensing (Aroca, 2006),
since its discovery (Fleischmann et al., 1974), owing to an improved
scattering cross-section over the conventional spontaneous Raman
process and its efficacy at room temperatures. The enhancement
of the Raman scattering cross-section (>10°) is believed to be due
to a surface plasmon aided stronger electro magnetic coupling at
the analyte site (Moskovits, 1985; Nie and Emory, 1997). However,
another school of thought attributes the enhancement to a chemi-
cal charge transfer effect, though it could only predict a theoretical
enhancement of the Raman scattering cross-section to the tune of
102 (Moskovits, 1985). Apart from the range of organic and inor-
ganic molecules successfully detected using SERS, the technique is
becoming increasingly important for bio-sensing (Tripp et al., 2008;
Vo-Dinh et al., 2010). Fodor et al. (1985) used a pulsed ultraviolet
(UV) laser to enhance the signals from the mononucleotide of ade-
nine (A), thymine (T), cytosine (C) and guanine (G) with limited
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success. Silver nanoparticle (AgNP) aided SERS was well estab-
lished for the detection of the nonfluorescent bio-species, such as
DNA and fluorescent biomarkers (Brolo et al., 2004; Faulds et al.,
2004, 2005; Kneipp et al., 1997; Krug et al., 1999; Stokes et al.,
2007; Sun et al., 2007; Wei and Xu, 2007; Zhang et al., 2005). How-
ever, Ag did not participate as well as Au in bio-immobilization.
For this purpose, gold (Au) plays a major role in establishing the
Au-S (gold-sulphur) bond to efficiently immobilize the thiolated
bio-species on the substrate, but lost out on the enhancement,
and hence sensitivity, of the SERS process against Ag. Conventional
detection techniques, such as fluorescence, yielded detection lim-
its of 1013 M from dye labeled-DNA sequences dispersed in AgNP
containing buffer solution (Faulds et al., 2004, 2005; Kneipp et al.,
1997; Zhang et al., 2005). However, those are indirect detection
schemes in the solution phase. The use of Au nanostructures to
obtain high immobilization was also employed to detect labeled-
DNA sequences through SERS (Brolo et al., 2004; Krug et al., 1999;
Stokes et al., 2007; Sun et al., 2007). These detection schemes
were limited by the complex sample preparation and relatively
low enhancement factors compared to AgNP, as discussed before
(Stokes et al., 2007). For increased reliability, measurements using
solid substrates were also reported (Brolo et al., 2004; Wei and Xu,
2007).

A recent development, tip enhanced Raman spectroscopy
(TERS), has demonstrated detection of low concentration non-
fluorescent analytes such as DNA (Becker et al., 2008; Domke et al.,
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Fig. 1. A schematic of the pathway for generating the SERS platform. Step 1: the
as-grown silicon nanotip array template; Step 2: Au coating of the SiNT array to
generate the AuNT array for efficient DNA immobilization; Step 3: immobilization
of DNA molecules on the AuNT array; Step 4: silver nanoparticle (AgNP) deposition
for efficient Raman signal enhancement.

2007; Ichimura et al., 2007; Rasmussen and Deckert, 2006) and
fluorescent biomarkers (Domke et al., 2006). This near-field tech-
nique, an emerging competitor of SERS for detection purposes,
demonstrated significantly high spatial resolution and sensitiv-
ity by tuning the gap between the apex of the cantilever tip and
the substrate. However, challenges, such as fabricating uniform
TERS tips, nano-scale heating and mismatch between topography
and optical signal, remain for the development of this technique
(Yeo et al., 2009). Being excellent otherwise, TERS can also be pro-
hibitively expensive and complicated for routine measurements
compared to SERS.

We demonstrate here a simple SERS platform that uses AgNP
decorated Au nanotips (AuNTs) array that incorporates the immobi-
lization efficiency of Au and enhanced Raman scattering efficiency
of the AgNPs (Fig. 1) for label-free, high-sensitivity DNA detection.
In addition, we demonstrate high and tunable three dimensional
packing densities of the AgNPs that could maximize the SERS
enhancement and increase its stability.

2. Materials and methods
2.1. SERS substrate preparation

In this study, a semiconductor compatible electron cyclotron
resonance microwave plasma enhanced chemical vapor deposition
(ECR-MWPECVD) and an ion beam sputtering deposition (IBSD)
system was used to fabricate the silicon nanotip (SiNT) arrays and
the Au/Ag coated nanostructure, respectively. The high density ECR
plasma of silane (SiH4), methane (CH4), hydrogen (H;) and argon
(Ar) gas mixture was used to fabricate (top down process) the
well aligned SiNTs from commercial 6 inch single crystalline sil-
icon wafers (Fig. 1, step 1). The detailed description of the SINT
formation is published elsewhere (Chattopadhyay et al., 2006; Hsu
et al., 2004; Lo et al., 2003). The IBSD technique used a Kaufman
type ion source and its application to the deposition of noble met-
als (bottom up process) could be found elsewhere (Chattopadhyay
etal., 2005a,b). As shown later, surface modification of the SiNTs via
an Au thin film (Fig. 1, step 2) aids in high efficiency DNA immobi-
lization (Fig. 1, step 3), and subsequent deposition of AgNPs (Fig. 1,
step 4) ensures superior sensitivity Raman measurement.

2.2. DNA immobilization

The AuNT substrates were incubated with single strand (ss)
probes (p-DNA) for 24 h at 4°C for immobilization (Fig. 1, step 3).
Thiol-modified p-DNA (MDBio) with a 20-base sequence, 5'-HS-
(CHy)s-AAAAAAAAAAAAAAAAAAAA-3’, was diluted to 10 mM with
2x saline sodium citrate (SSC) buffer. Before hybridization proce-
dure, Cleland’s Reductacryl reagent (EMD Biosciences) was added
to prevent the aggregation of the p-DNA and the mixture, of p-
DNA and reducing agent, was then filtered via MicroSpin™ G25
column (GE Healthcare) at 3000 rpm for 2 min. A specific 20-base
ss-oligonucleotide, 5'-TTTTTTITITITITITITIT-3/, complementary
to the p-DNA, was selected as the target (t-DNA). Duplex buffer
solution (Integrated DNA Tech.) was further added to reach a final
concentration of 10 mM, prior to hybridization studies. After each
of the above-mentioned steps, the sample was washed carefully
in de-ionized water, followed by drying in nitrogen flow, in order
to avoid the physisorption (or non-specific binding) of chemicals
in solution or p-DNA on the AuNTs surface. Similar technique was
adopted for the ss-C and G nucleotides. No fluorescent labels or
Raman dyes were used.

2.3. Analyses

High resolution field emission scanning electron microscope
(JEOL JSM-6700 FESEM) was used to study the structure and
morphology of the bare SiNTs, AuNTs and the AgNPs density dis-
tribution. Raman spectroscopy measurements were carried out in
a Jobin Yvon LabRAM HR800 micro Raman spectroscope system.
A 632nm He-Ne laser (beam diameter ~1.5wm) with a power
density of 4.5 mW/wm? and acquisition time of 60 s was used.

3. Results and discussion

3.1. Morphology and architecture of the nanotip based SERS
platform

In this study, a top-down self-masked dry etching (SMDE) tech-
nique was developed to create the SiNTs template (Fig. 1, step 1)
over a large area (~ 28 sq. inch) at 200 °C process temperature (Hsu
et al,, 2004; Lo et al., 2003). These SiNTs had apex diameters typ-
ically in the range of ~2-5nm, bottom diameters of 100-200 nm,
aspect ratio around 10-12 (using base diameter of 100 nm) and tip
density of 10! cm~2. Conformal Au coating, by IBSD, of these SiNTs
resulted in the AuNT array that closely resembled the features of the
SiNT template (Fig. 1, step 2). Post DNA immobilization, controlled
sputtering of Ag, on these AuNTs, resulted in the bottom-up growth
of self assembled AgNPs (Fig. 1, step 4) whose number density, or
their average inter-particle distances, could be easily controlled as
a function of the sputtering time. Fig. 2 shows the SEM images of
plain SiNTs (Fig. 2a), Au thin film coated AuNTs (Fig. 2b and c),
and AgNPs decorated AuNTs (Fig. 2d-f). Direct DNA immobiliza-
tion on AgNP decorated SiNTs (without the Au thin film) was found
unsuitable since a fraction of the physisorbed AgNPs along with
the DNA strand would be washed away during sample preparation
yielding lower Raman signals. Compared with the other cylindri-
cal 1-D nanostructures, the well aligned AuNTs template supports
the NP loading without any shadow effect due to its conical mor-
phology, just like its underlying SiNTs template (Chattopadhyay
et al., 2005b, 2006). Fig. 2b depicts the well aligned AuNTs with
high uniformity, aspect ratio and density. Assuming all the nan-
otips touching each other at the bottom, the real surface area can
be quantified to be around 225 m? cm~3 (Wenzel, 1949), which is
as good as high-porosity porous silicon (Chan et al., 2003; Lo et al.,
2006).
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Fig. 2. Cross-section high resolution scanning electron microscopy (SEM) images
of (a) as-grown SiNTs, (b) low magnification of Au coated SiNTs, (c) high magnifi-
cation of Au coated SiNTs; cross-section SEM images of AuNTs covered with AgNPs
sputtered for (d) 5, (e) 10 and (f) 20 min by IBSD system.

IBS deposition of Au for 60 min at room temperature on the
SiNTs yielded the AuNTs (Fig. 2b and c). Comparing the bare and
Au-coated SiNTs, the thickness of the Au layer was estimated to be
around ~10 nm at the apex. The thiolated DNA species were then
immobilized onto the AuNTs surface followed by the AgNPs deposi-
tion. The density of AgNPs, produced on the AuNTs, corresponding
to Ag sputtering times of 5, 10 and 20 min are shown in Fig. 2d-f,
respectively. The size of these NPs varied between 3 and 10 nm
in diameter. For sputtering times of 5min and above, the AgNPs
developed throughout the entire surface of the AuNTs (Fig. 2d).
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Fig. 3. Raman scattering spectrum of 1.2 nM of (a) Rhodamine 6G adsorbed on SiNT
and SERS spectrum of (b) Rhodamine 6G adsorbed on AuNTs. SERS spectrum of
hybridized A and T, on AuNT, at (c) 1.2 nM and (d) 12 mM concentrations. (e) Raman
spectrum of hybridized ds-A+T (12 mM concentration) on planar Si. (f) The Raman
spectrum of bulk A and T powder dispersed on planar silicon wafer. The symbols B
anda represent Raman bands of adenine and thymine, respectively.

High density, with 1-2 nm inter-particle distance, and uniformly
dispersed AgNPs were observed at an optimized sputtering time
of 10 min (Fig. 2e). Longer sputtering times, say 20 min, resulted in
agglomerated clusters leading to the formation of an Ag thin film
on the AuNTs (Fig. 2f).

3.2. SERS measurement on AuNTs

We began, by studying the SERS activity of the AuNTSs vis-a-vis
the bare SiNTs. We used a standard analyte, Rhodamine 6G (R6G),
with a concentration of 1.2nM on SiNTs and AuNTs and various
concentrations of adenine and thymine on AuNT for this purpose
(Fig. 3). The results indicate that R6G absorbed on SiNTs yielded no
Raman bands for the analyte (Fig. 3a). The second order Raman band
for Si (at 980 cm~1) dominates the spectrum. In contrast, the AuNTs
shows finger print R6G Raman bands at ~610, 780, and ~1600 cm ™!
(Fig. 3b). This indicates that the AuNTs are SERS active, at least for
R6G which has a Raman scattering cross-section between ~10-30
and 10~22 cm2/mol (Meyer et al., 2010; Nie and Emory, 1997; Shim
et al.,, 2008). However, lower concentrations (1.2 nM) of DNA could
not be detected on the AuNTs (Fig. 3c). In contrast, at a higher con-
centration (1.2 x 10~2 M) rich Raman signals from DNA (adenine
and thymine mononucleotide) could be observed from the AuNTs
(Fig.3d). Similar DNA dispersion on bare silicon wafers did not yield
any Raman signals (Fig. 3e). This does show limited SERS activity
of the AuNTs. In comparison to Fig. 3d, measured at 12 mM, bulk
DNA powders dispersed on silicon showed strong and rich Raman
signals (Fig. 3f). However, Fig. 3d-f cannot be compared to obtain a
SERS enhancement factor since, among other reasons (Le Ru et al.,
2007), the non-SERS cross-section of the DNA used is unknown.
The results in Fig. 3d-f indicate that either (i) the DNA molecules
have significantly lower Raman scattering cross-section than R6G,
and/or (ii) the surface plasmon in the AuNTs is too weak to excite
the Raman signals from the DNA. The first proposition is reasonable
since R6G is a laser dye with strong Raman scattering cross-section
(Meyer et al., 2010; Shim et al., 2008). The second proposition is
also reasonable since the polarizability, and hence the surface plas-
mon generation, is weaker in the metal thin films than the rough
nanostructured counterparts. Since Au is indispensable for DNA
immobilization, an extension of the substrate design was necessary
to observe any reliable detection of DNA species through Raman
spectroscopy. Accordingly, the additional AgNP decoration of the
AuNT was employed to induce a stronger enhancement of the SERS
signal from the DNA.
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Fig. 4. Raman scattering spectrum of the (a) as-grown AuNTs. SERS spectra of thio-
lated ss-A hybrized with ss-T (1.2 nM each) obtained on AuNTs decorated with AgNPs
sputtered for (b) O (bare AuNTs), (c) 5, (d) 10 and (e) 20 min. The symbols B and a
represent Raman bands of adenine and thymine, respectively.

3.3. SERS measurement on AgNP decorated AuNTs

Raman spectrum from the bare AuNTs (Fig. 4a) and SERS spec-
tra from the DNA immobilized AuNTs (Fig. 4b) were compared
with those having different amounts of AgNPs deposited on the
DNA molecules (Fig. 4c—e). SERS signals of poly (A) and poly (T)
sequences with 1.2 nM concentration were reliably detected only
from the AgNPs coated AuNTs (Fig. 4c—e). DNA Raman signals from
AuNTs (Ag coating time of 0 min, Fig. 4b) showed no reproducible
Raman signals. This clearly demonstrates the contribution from the
AgNPs.

Weak DNA Raman signals, from the 5 and 20min grown
AgNPs (as in Fig. 2d and f, respectively), appeared mostly within
700-1650cm~! (Fig. 4c and e). The assignment of the peaks to the
vibration modes of A and T is indicated in Fig. 4d (Domke et al.,
2007; Fodor et al., 1985; Ichimura et al., 2007; Rasmussen and
Deckert, 2006). Enhanced SERS signal of the DNA chains (Fig. 4d)
could only be obtained from the 10 min grown AgNPs which are
uniformly dispersed and have higher density (Fig. 2e) compared to
others shown in Fig. 2. The peaks, in the SERS spectra of the ss-A
and T, are now better resolved and more intense for easy iden-
tification and assignment (Fig. 4d) (Domke et al., 2007; Ichimura
et al., 2007; Rasmussen and Deckert, 2006). AuNT substrates with
Ag films, obtained with longer duration (20 min) sputtering, yielded
very weak Raman signals (Fig. 4e). This is attributed to the difficulty
in polarizing the Ag thin films, compared to the nanometric Ag par-
ticles, and hence a lowering of the surface plasmon strength upon
laser irradiation. The suppressed SERS signal in Fig. 4e may also
be due to the masking of the DNA molecules underneath the Ag
film.

Density of the metal NPs are more critical than its size with
regard to cross-section enhancement as pointed out by Garcia-
Vidal and Pendry in their calculation (Garcia-Vidal and Pendry,
1996). We refer to their work to explain why the sparse AgNPs
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Fig.5. SERS spectra of thiolated ss-A hybrized with ss-T, on the optimized substrates
(as in Fig. 2e), with concentrations of (a) 1.2 nM, (b) 12 pM and (c) 120 fM.

(Fig. 2d) or the Ag thin film (Fig. 2f) did not yield high enhancements
as in the case of the high density AgNPs (Fig. 2e) (Garcia-Vidal and
Pendry, 1996). They predicted that the SERS enhancement will go
to a maximum when the central separation, d, between the metal-
lic particles (Ag in this case) is equal to the particle diameter (2r),
or in other words, when the adjacent AgNPs are touching each
other. This is the theoretical recipe for SERS ‘hot-spots’ provided
by Garcia-Vidal and Pendry (1996), though experimental isolation
of a ‘hot-spot’ is still illusive. Single molecule detection schemes
had to rely on SERS ‘hot-spots’ whose enhancement factors were
estimated about million times higher than an average SERS active
metal site with enhancement factors of 106-10% (Camden et al.,
2008; Kneipp et al., 1997; Michaels et al., 1999; Nie and Emory,
1997). This ideal condition for maximum SERS enhancement, or so-
called ‘hot-spots’, is close to what we have for the AuNTs covered
with AgNPs grown for 10 min (Fig. 2e; d~ 2.5r). This is our opti-
mized SERS platform. Longer Ag deposition time, d <« 2r or shorter
Ag coating times (5 min or less), d > 2r dramatically decreased the
SERS activity of the metal. Our experimental results are in agree-
ment with their calculations. At this point, it is essential to point out
that this technique may not be limited to the A and T nucleotides
only, but can well be extended to C, G and their hybridized double
strands (ds-) also (see Fig. S1 in Supplementary Data).

It is only natural to argue that the above results of DNA detec-
tion could also be obtained on a planar Au film instead of the high
aspect ratio AuNTs used as the platform. Qualitatively, a similar
result is expected before we consider the following facts. AgNPs
with ~10 nm size and controllable density could not be grown on
Au thin films due to severe agglomeration effect leading to island
formation (Kang and Bernstein, 1976). AuNTs, with high rough-
ness, impart a suitable surface energy so that Ag self-assembles as
AgNPs, with controllable density and dimension, on it. Modification
of the AuNT surface with DNA molecules may add to the effect that
helps create the AgNPs. However, even the bare silicon nanotips
can self-assemble AgNPs without the help of any DNA coverage
(Chattopadhyay et al., 2005b). Secondly, AuNTs, with high surface
area, can generate a high packing density of AgNPs in three dimen-
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Fig. 6. Time decay of the SERS spectrum. Aging of SERS spectrum of 1.2nM of
hybridized ds-A with T on AuNTs decorated with AgNPs sputtered for 10 mins (opti-
mized substrate, as in Fig. 2e).

sions (3D) (see Fig. 1, step 4) instead of a 2D packing of islands
obtainable on a thin film. This is a key distinction of this nanotip
platform as against the lithographically prepared planar SERS plat-
forms. The 3D packing of the AgNPs ensures that even with the
laser tightly focused to ~1.5 wm spot (used in this micro-Raman
study), it could actually excite a larger number density of AgNPs and
hence achieve a significant SERS signal from the adsorbed analyte.
However, the SERS signal of the DNA clearly arises from its electro-
magnetic interaction with the AgNPs and not due to an increased
number density of DNA adsorbed on the rough nanotips. This is
because bare AuNTs, with high immobilization efficiency, did not
produce any enhanced SERS signal of the DNA (Fig. 3c) compared
to Fig. 4d.

Fig. 5 shows the SERS signals from different concentrations of
hybridized ds-DNA on the optimized AgNPs coated AuNTs (as in
Fig. 2e). The high SERS enhancement of the AuNT array based
sensing platform enabled DNA detection down to 1.2 x 10-13 M
concentration. The 1168 cm~! Raman fingerprint signals of the A
and T species and 1300 cm~! of the T species (Domke et al., 2007;
Ichimura et al., 2007; Rasmussen and Deckert, 2006) were clearly
resolvable at the lowest concentration. The integrated intensity
of the 1300cm™! line of T (see Fig. S3 in Supplementary Data),
as a function of concentration, shows a variation similar to what
the Langmuir isotherm would predict and is nearly linear over the
120fM to 10 nM range.

3.4. Stability of the SERS platform (AgNP decorated AuNT arrays)

Lastly, any practical sensor platform must demonstrate a rea-
sonable stability, given the fact that surface enhanced Raman
signals are known to decay within hours of preparation. The sta-
bility of the current platform was tested by measuring the Raman
activity with time. Individual ss-DNA, with 10-6 M concentrations,
immobilized on our optimized platform showed 50-65% remnant
intensity (of the strongest Raman line) after 144 h of storage in

ambient desk-top conditions (see Fig. S3 in Supplementary Data).
The data in Fig. S3 contains a scatter of five similar experiments
on different pieces of the same substrate. Hence, the scatter is a
measure of the reproducibility of the substrates. Even low concen-
trations (1.2 nM) of hybridized ds-DNA can retain up to ~40% of the
initial intensity of a particular Raman line even after 3 weeks of the
immobilization when conserved under normal desktop conditions
on the optimized substrates (Fig. 6). These results demonstrate out-
standing stability characteristics enabling clear and unambiguous
detection.

4. Conclusions

In conclusion, a high aspect ratio, three dimensional AuNTs
array decorated by AgNPs was used for high-sensitivity label-free
DNA detection via the surface enhanced Raman scattering (SERS)
technique. Sub-picomole DNA concentrations (~10~13 M) could be
detected in a reproducible and stable manner using this new gen-
eration SERS platform. The stability of these substrates could span
over few weeks and is possibly due to the high adsorption efficiency
of the SERS active sites. The entire process of substrate fabrication
is semiconductor process compatible, promoting the possibility of
a device fabrication.
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