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Detection and identification of a single DNA base molecule using surface-enhanced Raman
scattering „SERS…
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Nonresonant Raman cross sections of;10216 cm2 per molecule are shown to be related to surface-
enhanced Raman scattering~SERS! on colloidal silver clusters at near-infrared~NIR! excitation. The enhance-
ment is found to be independent of cluster sizes between 100 nm and 20mm. These experimental findings
demonstrate that NIR SERS on colloidal silver clusters is an excellent technique for single molecule detection
that is applicable for a broad range of molecules including ‘‘colorless’’ biomolecules, for example nucleotides
in DNA sequencing. As an example, we present the detection of a single adenine molecule without any
labeling based on its intrinsic surface-enhanced Raman scattering.@S1063-651X~98!51106-3#

PACS number~s!: 87.64.Ni, 82.65.Pa, 42.62.Be, 78.30.2j
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Extremely large surface-enhanced Raman-scatte
~SERS! cross sections of;10216 cm2/molecule or, in other
words, total SERS enhancement factors on the order of14

have been obtained at near-infrared~NIR! nonresonant exci-
tation for molecules attached to colloidal silver clusters@1,2#.
Similar enhancement factors have also been reported
rhodamine 6G on spatially isolated silver nanoparticles
resonant visible excitation@3#. Such effective cross section
are sufficient for Raman detection of single molecules@2,3#.

In this Rapid Communication, we show that extreme
large SERS cross sections at NIR excitation are relate
colloidal clusters as SERS-active substrates. Very str
electromagnetic field enhancement that is independen
cluster size and is particularly effective in the NIR has be
theoretically predicted for such structures@4–7#. SERS ex-
perimental results reported here explain why NIR SERS
‘‘heterogeneous’’ colloidal solutions works well as a tool f
single molecule detection and why it should be applicable
a broad range of molecules. As an example, we presen
detection of single adenine molecules attached to collo
silver clusters in water.

To study the role of colloidal clusters, we compare SE
enhancement factors for crystal violet~CV! adsorbed on spa
tially isolated 10–25–nm spherical colloidal silver particl
and on colloidal aggregates~clusters! of various sizes be-
tween 100 nm and 20mm. The insets in Fig. 1 show typica
electron micrographs of isolated spheres and small clus
@8#. Raman experiments are performed at 407-nm excita
~single-particle plasmon resonance! and at 830-nm NIR ex-
citation. From the absorption spectrum of CV@9#, it can be
concluded that at these wavelengths practically no molec
resonance Raman effect contributes to the observed tota
hancement.

Figure 1 compares SERS at 407-nm excitation for cry
violet on isolated small spheres@Fig. 1~a!# and on small col-
loidal clusters@Fig. 1~b!#. SERS enhancement is estimated

*Present address: Physics Department, Technical University
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be on the order of 106 for spatially isolated small colloids
and 107– 108 for colloidal clusters by comparing the signal
strength of the 1174-cm21 CV SERS band and the
1030-cm21 methanol Raman band, and by taking into ac-
count the different concentrations of both molecules@10#.
Since ablating silver in distilled and deionized water made
the isolated small colloids, no special ‘‘chemical activation’’
~except silver ions! should exist. The enhancement on the
order of 106 is in agreement with electrostatic estimates of
enhancement factors for isolated spherical silver particles
@11#.

At 830 nm excitation, no SERS signal is measured for
molecules on small isolated spheres due to the absence
single-plasmon resonance at this wavelength@12#. However,
for colloidal clusters, a tremendous enhancement appears
NIR excitation, which can be estimated from the obtained
pumping of molecules to the first excited vibrational state
due to the strong Raman process@1#. Vibrational pumping is
reflected in deviations of anti-Stokes–to–stokes SERS signa
ratios from the expected Boltzmann population. In agree-
ment with previous results for CV@1#, SERS cross sections

r-

FIG. 1. SERS spectra of~a! 1026M CV on isolated small silver
spheres and~b! 1028M CV on small colloidal silver clusters. Exci-
tation wavelength 407 nm. The insets show electron micrographs o
the SERS-active structures.
R6281 © 1998 The American Physical Society
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of ;10216 cm2/molecule or enhancement factors of;1014

can be inferred from measured anti-Stokes–to–Stokes si
ratios@13#. The increase of about 6 to 7 orders of magnitu
for SERS enhancement on colloidal silver clusters when
excitation wavelength is shifted from 407 to 830 nm is
relatively good agreement with estimates applying elec
magnetic theory from Ref.@6#, explaining a mainly electro-
magnetic origin of the extremely large SERS enhancem
Therefore, effective SERS cross sections that are suffic
for single molecule detection should be available for a w
range of molecules, including ‘‘colorless,’’ biologically in
teresting molecules, for example, amino acids and nucleo
bases.

Table I gives some typical anti-Stokes–to–Stokes ra
measured from CV on clusters of different sizes shown
Fig. 2 @14#. The ratios are constant within the 10% accura
of our measurement, implying uniform effective cross s
tions independent of cluster size@15#. The uniform enhance
ment factor is the prerequisite for exploiting SERS in so
tions of ‘‘heterogeneous’’ colloidal clusters as a tool f
single molecule detection, and explains the relatively w

TABLE I. Anti-Stokes and Stokes SERS; signals measured
830 nm excitation with a power of;106 W/cm2 from CV attached
to various colloidal clusters~see circles in Fig. 2!. The anti-Stokes–
to–Stokes ratio to toluene Raman scattering establishes the B
mann population.

Crystal Violet Stokes and anti-Stokes signals at 1174 cm21

Anti-Stokes Stokes Ratio Location

@cps# @cps# ~see Fig. 2!
37 780 4.831022 a
53 1100 4.831022 b
28 545 5.131022 c
132 2550 5.231022 d
50 1000 5.031022 e
51 1055 4.831022 f

Toluene Stokes and anti-Stokes signal at 1211 cm21

10.4 1920 5.431023

FIG. 2. Microscopic view ofmm clusters@14#. The areas be-
tween them are covered with 100–500-nm~submicroscopic! silver
clusters@shown in Fig. 1~b!#. The circle indicates the laser excita
tion site ~spot size approximately 3mm!.
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quantized SERS signals for one, two, and three molecu
which we found in Ref.@2# despite the nonuniform sizes an
shapes of the SERS-active particles.

Due to very similar cluster formation of colloidal silve
and gold@16,17# and very similar dielectric constants in th
NIR @18#, gold should be a useful material for NIR SERS
active clusters as well, and might provide some advanta
due to its chemical inactivity.

NIR excitation has a basic advantage in single molec
detection and spectroscopy because background~fluores-
cence and Raman signal of the surrounding medium or
vent! is strongly decreased. Additionally, NIR excitation
nonresonant for most molecules, which should allow for u
of high excitation intensities up to saturation without ph
tobleaching. Due to shorter vibrational relaxation times co
pared to electronic relaxation times~in the case of
fluorescence-based detection!, the number of Raman photon
per unit time that can be emitted by a molecule under sa
ration conditions can be higher than the number of fluor
cence photons by a factor of 102– 103 @2#. This should allow
shorter integration times for detecting a molecule, or hig
rates for counting single molecules, by Raman scatter
rather than by fluorescence.

One of the most exciting challenges for single molec

FIG. 3. ~a! NIR-SERS Stokes and anti-Stokes spectra of AM
and adenine measured~b! from 100 to 150-nm sized silver cluster
and~c! from a cluster about 8mm in size. On the order of hundred
of molecules contributed to the spectra, with slightly varying nu
bers in spectraa, b, and c. All Stokes and anti-Stokes spectr
were collected in 1 sec.
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detection appears in rapid DNA sequencing where one
proach is based upon spectroscopic detection and identi
tion of single nucleotides. To detect and identify single DN
bases by fluorescence, they must be labeled by fluores
dye molecules@19,20#. NIR-SERS provides a method fo
detecting and identifying a single DNA base, which does
require any labeling because it is based on the intrin
surface-enhanced Raman scattering of the base.

Figure 3 shows surface-enhanced Stokes and anti-St
Raman spectra of adenosine monophosphate~AMP! and ad-
enine. The spectra display the strong Raman line of the
enine ring breathing mode at 735 cm21 and lines in the
1330-cm21 region @21–23#. SERS spectra of adenine an
AMP are identical, showing that sugar and phosphate do
prevent the strong SERS effect of adenine.

Effective Raman cross sections of the order
10216 cm2/molecule can be inferred from the observed an
Stokes–to–Stokes signal ratios as described above@24#. A
comparison between anti-Stokes and Stokes adenine spe
measured from clusters of various sizes between about
nm and 10mm @for example, compare Figs. 3~b! and 3~c!#,
confirms SERS enhancement factors independent of clu
size.

Samples for single molecule detection are prepared
checked as described in Ref.@2#. The concentrations of sma
colloidal clusters and adenine are 2310210 M and 3
310211 M, respectively, resulting in clusters containing ze

FIG. 4. Typical SERS Stokes spectra representing appr
mately ‘‘1’’ ~top!, ‘‘0’’ ~middle!, or ‘‘2’’ ~bottom! adenine mol-
ecules in the probed volume~collection time: 1 sec; 80-mW NIR
excitation!.
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or one adenine molecule@2,3#. Brownian motion of single-
adenine-molecule-loaded silver clusters into and out of the
probed volume results in strong statistical changes in SERS
signals measured from such a sample in time sequence. Fig
ure 4 represents selected typical spectra collected in 1 sec
from samples that contain an average of 1.8 adenine mol-
ecules in a probed 100-fl volume. The drastic changes disap-
pear for ten times higher adenine concentration when the
number of molecules in the probed volume remains statisti-
cally constant. Figure 5 gives the statistical analysis@2# of
adenine SERS signals~100 measurements! from an average
of 1.8 molecules in the probed volume~top of Fig. 5! and
from 18 molecules~bottom of Fig. 5!. The change in the
statistical distribution of the Raman signal from Gaussian
~bottom! to Poisson~top! reflects the probability of finding 0,
1, 2 ~or 3! molecules in the scattering volume during the
actual measurement and is evidence that single molecule de
tection of adenine by SERS is achieved@25#. Comparing the
1.3 molecule fit with the 1.8 molecule concentration-volume
estimate, we conclude that 70–75 % of the adenine mol-
ecules were detected by SERS.

Due to the electromagnetic origin of the enhancement, it
should be possible to achieve SERS cross sections at the
same order of magnitude as for adenine for other bases when

i-

FIG. 5. Statistical analysis of 100 SERS measurements on an
average of 1.8 adenine molecules~top! and 18 adenine molecules
~bottom! in the probed volume. Thex axes are divided into bins
whose widths are 5% of the maximum of the observed signal. The
y axes display the frequency of the appearance of the appropriate
signal levels in the bin. The experimental data of the 1.8-molecule
sample were fit by the sum of three Gaussian curves~solid line!,
whose areas are roughly consistent with a Poisson distribution for
an average number of 1.3 molecules. As expected, the data of the
18-molecule sample could be fit by one Gaussian curve.
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they are attached to colloidal silver or gold clusters. T
nucleotide bases show well-distinguished surface-enhan
Raman spectra@22,23#. Thus, after cleaving single nativ
nucleotides from a DNA or RNA strand into a medium co
taining colloidal silver clusters, for instance into a flowin
stream of colloidal solution@26#, or onto a moving surface
with silver or gold cluster structure, direct detection a
d
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identification of single native nucleotides should be possi
due to unique SERS line~s! of their bases.

We are grateful to Mike Frongilio from the MIT Cente
for Material Science Engineering for his support in electr
microscopy. This work was carried out at the NIH-support
MIT Laser Biomedical Research Center and the NS
supported MIT Laser Research Facility.
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