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Surface-enhanced Raman scattering (SERS) is a phenomenon
in which the Raman scattering cross-sections of molecules residing
at or near the surfaces of certain nanostructured materials are
enhanced by factors up to∼1014, rendering them comparable to
fluorescence cross-sections.1 These large enhancements result
predominantly from the concentration of the electromagnetic (EM)
optical fields at EM “hot spots” that, most often, consist of
nanoscale junctions and interstices in metal nanostructures such as
nanoparticles dimers and aggregates.2 This remarkable sensitivity
suggests the possibility of basing ultrasensitive chemical/biological
sensing techniques on SERS and has led to a number of ingenious
strategies for developing a reliable SERS sensing platform.3 A SERS
study was recently reported4 in which peptide nucleic acid was used
as a means for recognizing DNA where the SERS hot spots were
produced as a result of Coulombic attraction of nanoparticles by
the charged duplex toward the nanoparticle. However, much room
remains for optimizing the stability, reproducibility, and SERS
activity of SERS-active systems which depends critically on (among
other parameters) the geometry of the nanostructure. An approach
that routinely and reproducibly provides an optimally enhanced
environment is highly desired.

Here we describe a label-free sensing platform for the unambigu-
ous detection of single-stranded DNA using SERS. By self-
assembling probe-tethered Ag nanoparticles to a “smooth” Ag film
(that is, a film whose microstructure produces only very low levels
of SERS enhancement) using the complementary target species,
EM hot spots are created which strongly enhance the Raman signal
of the species present in the hot spot. These species include a
surface-attached Raman label (a molecule with a very large Raman
cross-section) that produces highly stable and reproducible signals
at the near-single nanoparticle level.

The junctions created between nanoparticles and a smooth metal
surface have been predicted to be SERS hot spots, in which strong
EM fields mimic those that would result from the coupling between
nanoparticles and their charge-conjugate images in the metal film.5

Recently, several reports describe the use of self-assembled
monolayers (SAMs) adsorbed on SERS-inactive, smooth metal
surfaces which show strong SERS signals when nanoparticles are
cast or caused to assemble thereon.6 In those systems, SERS spectra
were observed only in the region of the post-adsorbed nanoparticles
on the SAMs, suggesting that the attachment of nanoparticles is a
crucial factor for enhancing Raman scattering of the underlying
SAMs.

Our platform for a versatile SERS biosensor is based on self-
assembling probe-tethered Ag nanoparticles (AgNPs) to a suf-
ficiently smooth Ag film (AgFilm) through the intermediacy of a
complementary DNA target, so as to achieve controlled and
reproducible preparation of hot spots and the means of simulta-
neously collocating the target molecules within them. Figure 1A
illustrates the DNA hybridization-assisted assembly process sche-

matically. A 24-mer oligonucleotide (a′b′, shown as a half red and
a half blue oligonucleotide in Figure 1A) was used as a model target
strand. AgNPs (∼15 nm diameter) were functionalized with the
complement of one-half of the target strand (a-AgNP, shown in
blue in Figure 1A). In a similar manner, a stable and smooth SERS-
inactive Ag film (thickness∼100 nm) was modified with the
complement of the remaining portion of the target sequence (b-
AgFilm, shown in red in Figure 1A). The silver film was
subsequently treated with 6-mercaptohexanol (MCH) to prevent
nonspecific binding of DNA, NPs, or impurities to the Ag film
surface and to improve hybridization efficiency with complementary
strands. Theb-AgFilm was then labeled with 5-((2-(and-3)-S-
(acetylmercapto)succinoyl)amino) fluorescein (SAMSA fluorescein,
F), which contains a protected thiol, as a surface-bound Raman
label (b-AgFilm-F). TheF-labeledb-AgFilm was incubated with
the target stranda′b′ and thea-AgNP solution, consecutively, so
as to capture the targets and the AgNPs through sequence-selective
hybridization, forming a sandwich structure ofa-AgNP/a′b′/b-
AgFilm-F (Figure 1A). After washing to remove nonspecifically
bound NPs, the hybridized surface was dried in a N2 stream and
Raman measurements were carried out under ambient conditions.

The SERS spectrum ofb-AgFilm-F with captureda′b′ (i.e., of
the system prior to the addition of thea-AgNP) is shown in Figure
1Ba. No Raman bands are observed. The Ag film can itself be a
SERS-active material when sufficiently rough,3 but care was taken

Figure 1. (A) Schematic illustration for the detection of single-stranded
DNA by SERS. A target strand (a′b′) is captured by probes on AgNP and
AgFilm-F, resulting in the creation of the SERS-active structure in the form
of a-AgNP/a′b′/b-AgFilm-F. Target DNA detection is confirmed by
collecting the SERS signal of surface-bound Raman label,F. (B) SERS
spectra (vertically offset for clarity) obtained from (a) ofa′b′-anchored
b-AgFilm-F, (b) a-AgNP/a′b′/b-AgFilm-F, and (c) prepared similar to b
except for a noncomplementary target sequence in place ofa′b′. (C)
Representative AFM images ofa-AgNP/a′b′/b-AgFilm-F: (a) 5 µm × 5
µm and (b) 1µm × 1 µm. Arrows point to AgNPs on the surface.
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here to fabricate stable surfaces with minimum roughness that do
not produce a strong SERS signal in the absence of surface-bound
NPs. A very strong SERS signal is observed after exposing it to
the solution ofa-AgNPs (Figure 1Bb). Featureless spectra are
obtained whenb-AgFilm-F is exposed toa-AgNPs in the absence
of the a′b′ target (data not shown) or when a noncomplementary
target DNA strand was used (Figure 1Bc). Thus, the appearance
of the SERS signal attests to the DNA-mediated coupling between
AgNPs and AgFilm creating the EM hot spots in the process.5 The
hot spots so formed are sufficiently voluminous to enhance the
Raman scattering of some of the Raman label species,F, that cover
the Ag film surface with uniform density. A species that is strongly
absorbing at the laser excitation wavelength (514.5 nm) was chosen
as the Raman label,F, to provide an additional resonance Raman
enhancement.7

The AgNPs were easily discerned by atomic force microscopy
(AFM, Figure 1C). Although sparse in numbers, they were quite
evenly distributed over the AgFilm surface. The surface density of
AgNPs is found to be∼3 particles/µm2, which roughly corresponds
to the area of the laser spot (Figure 1Cb). Thus only a few particles
suffice to produce strong and reliable SERS spectra. No AgNPs
were observed in the AFM images when using the noncomple-
mentary target sequence. Thus, AgNPs bind to AgFilm only in the
presence of the complementary target.

A separate experiment was carried out in whichF was
deliberately omitted. The presence of AgNPs was confirmed by
AFM, but the SERS signals, likely due to the DNA duplex and the
MCH passivant (neither of which have large Raman cross-sections
at 514.5 nm), were very much weaker. Likewise, a series of
experiments were carried out replacing the AgFilm probeb with
an identical sequence synthesized with a fluorescein moiety attached
to one of the nucleotides. The resultant AgFilm-NP assembly
yielded SERS spectra similar to what was observed when using
surface-boundF but a little less intense and prone to photodegra-
dation. We will now estimate the increase in SERS enhancement
due to the formation of the film/DNA/NP sandwich structures and
the number of label molecules,F, that produce the observed SERS
spectra. The surface density of fluorescein was adjusted to make it
approximately equal to that of the DNA. Assuming the DNA surface
density to be∼3.6 × 104 molecules/µm2, that is, the same as it is
for self-assembled monolayers of thiolated DNA/MCH on gold
films,8 we estimate that∼7 labels reside in the∼15 nm diameter
hot spot that is formed between the film and each NP. AFM
indicates that on average 3 NPs reside in the∼1 µm2 laser spot.
That is, on average,∼21 F labels generate the signals shown in
Figure 1Bb. From this, we estimate (Supporting Information) the
increase in enhancement factor on making the sandwich to be∼5
× 105. (We stress that this is not the overall SERS enhancement
but merely the additional enhancement due to the formation of hot
spots when forming the film/NP sandwich structures.)

The use of surface-bound Raman labels provides several
advantages as biosensing probes: (1) Almost any Raman label with
sufficient Raman cross-section and binding ability can be homo-
geneously distributed over the surface. (2) The detection of label-
free oligonucleotides is independent of the specific length and the
nature of the species being probed since, upon drying, and if it is
attached through a flexible linker, the oligo will tend to “lie down”
on the surface, reducing the NP-Film gap distance to a small value
more or less independent of the DNA’s length. (3) The detection

limit can reliably reach near-single target molecule levels indepen-
dent of the Raman cross-section of the target species. (4) Raman
bands are generally 10-100 times narrower than most fluorescence
bands, minimizing the potential interference from background
fluorescence. (5) Raman scattering is insensitive to humidity, to
oxygen, or other species that quench fluorescence, facilitating
applications in a variety of environments.

In summary, we report a sensing technique using single-stranded
DNA by SERS. This approach is likely to be suitable for the
detection of RNA and DNA.9 Probe-tethered AgNPs were as-
sembled on a Ag film through the agency of the complementary
target DNA strand, creating an intense EM hot spot in the process.
The Raman spectra of molecules serving as Raman labels residing
in the hot spot are strongly enhanced. The sensing of the target
species was therefore confirmed by the appearance of an intense
SERS signal of the Raman label which bound to the surface of the
Ag film. AFM imaging shows that only a few nanoparticles (and
therefore fewer than 100 Raman label molecules) are sufficient to
give rise to intense and reliable SERS signals. Further study is
required to optimize the system and to develop strategies for
quantitative analysis from which the surface coverage and the
corresponding number of target species in the medium being probed
can be determined. The present sensing strategy therefore promises
to be useful in a variety of biosensing applications.

Acknowledgment. Funding from the Institute for Collaborative
Biotechnologies through Grant DAAD19-03-D-0004 from the U.S.
Army Research Office and from Lawrence Livermore National
Laboratories through a UCDRD grant is gratefully acknowledged.

Supporting Information Available: Experimental details. This
material is available free of charge via the Internet at http://pubs.acs.org.

References

(1) Moskovits, M.ReV. Mod. Phys.1985, 57, 783-826.
(2) (a) Futamata, M.; Maruyama, Y.; Ishikawa, M.J. Phys. Chem. B2003,

107, 7607-7617. (b) Drachev, V. P.; Perminov, S. V.; Rautian, S. G.;
Safonov, V. P.Top. Appl. Phys.2002, 82, 113-147. (c) Xu, H.; Aizpurua,
J.; Käll, M.; Apell, P. Phys. ReV. E 2000, 62, 4318-4324. (d) Markel, V.
A.; Shalaev, V. M.; Zhang, P.; Huynh, W.; Tay, L.; Haslett, T. L.;
Moskovits, M.Phys. ReV. B 1999, 59, 10903-10909. (e) Garcı´a-Vidal,
F. J.; Pendry, J. B.Phys. ReV. Lett. 1996, 77, 1163-1166. (f) Gresillon,
S.; Aigouy, L.; Boccara, A. C.; Rivoal, J. C.; Quelin, X.; Desmarest, C.;
Gadenne, P.; Shubin, V. A.; Sarychev, A. K.; Shalaev, V. M.Phys. ReV.
Lett. 1999, 82, 4520-4523. (g) Stockman, M. I.Phys. ReV. E 1997, 56,
6494-6507.

(3) (a) Su, X.; Zhang, J.; Sun, L.; Koo, T.-W.; Chan, S.; Sundararajan, N.;
Yamakawa, M.; Berlin, A. A.Nano Lett.2005, 5, 49-54. (b) Wang, H.;
Levin, C. S.; Halas, N. J.J. Am. Chem. Soc.2005, 127, 14992-14993.
(c) Tian, Z.-Q.; Ren, B.; Wu, D.-Y.J. Phys. Chem. B2002, 106, 9463-
9483. (d) Stuart, D. A.; Yonzon, C. R.; Zhang, X.; Lyandres, O.; Shah,
N. C.; Glucksberg, M. R.; Walsh, J. T.; Van Duyne, R. P.Anal. Chem.
2005, 77, 4013-4019. (e) Cao, YW. C.; Jin, R.; Mirkin, C. A.Science
2002, 296, 1536-1540. (f) Grubisha, D. S.; Lipert, R. J.; Park, H. Y.;
Driskell, J.; Porter, M. D.Anal. Chem.2003, 75, 5936-5943.

(4) Fabris, L.; Dante, M.; Braun, G.; Lee, S. J.; Reich, N. O.; Moskovits, M.;
Nguyen, T.-Q.; Bazan, G. C.J. Am. Chem. Soc.,submitted.

(5) (a) Aravind, P. K.; Metiu, H.Surf. Sci.1983, 124, 506-528. (b) Aravind,
P. K.; Metiu, H.J. Phys. Chem.1982, 86, 5076-5084.

(6) (a) Orendorff, C. J.; Gole, A.; Sau, T. K.; Murphy, C. J.Anal. Chem.
2005, 77, 3261-3266. (b) Daniels, J. K.; Chumanov, G.J. Phys. Chem.
B 2005, 109, 17936-17942. (c) Kim, K.; Yoon, J. K.J. Phys. Chem. B
2005, 109, 20731-20736. (d) Zheng, J.; Zhou, Y.; Li, X.; Ji, Y.; Lu, R.
Langmuir2003, 19, 632-636.
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