
To find feasibility of identifying nucleotides at the single-mol-
ecule level, we implemented Raman imaging and spectroscopy of
adenine molecules adsorbed on Ag colloidal nanoparticles.
Surface enhanced Raman scattering (SERS) of adenine molecules
showed an intermittent on-and-off behavior called “blinking”.  The
observation of blinking provides substantial evidence for detecting
single adenine molecules.

Fluorescence single-molecule detection and spectroscopy are
now established as important technologies in condensed matter
physics1 and bioanalytical chemistry,2 in which biomolecules are
labeled with fluorescent dye molecules such as rhodamine and cya-
nine dyes.  The fluorescence efficiency (Φf) of all these dye mole-
cules is larger than ~0.1.  Incorporating nucleotides labeled with
fluorescent dye molecules into DNA is a fundamental requirement
for the proposed DNA sequencing based on single-molecule detec-
tion.3 However, the dye molecules labeled raise serious issues in
incorporating dye-labeled nucleotides into a template DNA mole-
cules using polymerase and also in digesting dye-labeled
nucleotides using exonuclease.  Indeed, the dye molecules labeled
disturb enzyme activities.4 On the other hand, SERS can be
applied to detecting single nucleotides without dye labeling if the
Raman scattering cross section σR is enhanced from 10–30 cm2,
which is a representative value of σR without resonance enhance-
ment, to ~10–16 cm2.  This expected value of σR ~10–16 cm2 is com-
parable to the absorption cross section σA~10–16 cm2 of representa-
tive fluorescent dye molecules amenable to single molecule detec-
tion and spectroscopy.  In fact, Raman spectroscopy has inherent
advantages over fluorescence spectroscopy: no mandatory require-
ment of excitation in resonance, useful to less fluorescent molecules
like nucleotides (Φf ~ 10–4), and showing sharp spectrums nicely
distinguishing molecular structures.  Recently, success in single-
molecule SERS imaging and spectroscopy of chromophores has
been reported including rhodamine 6G (R6G),5,6 crystal violet,7,8

pseudo-isocyanine,9 and hemoglobin,10 thus encouraging our goal
of detecting and identifying individual nucleotides.11

Colloidal Ag nanoparticles were prepared in an aqueous solu-
tion following a previous report.12 An aliquot of a diluted Ag col-
loidal solution was incubated for 3 h with NaCl (10 mM) and R6G
(10–7 to 10–10 M) or adenine (10–6 to 10–9 M) as a neutral form.  Ag
particles covered by the chromophores were prepared by spin-coat-
ing one drop of diluted Ag particles onto a glass cover slip coated
with 3-aminopropyltrimethoxysilane.  The number of chro-
mophores adsorbed on a Ag particle, without distinction between
isolated and aggregated, was evaluated by the following method.
In this evaluation, all of the chromophores in solution is assumed
to be totally adsorbed on Ag particles.  In short, the concentration
and the surface area of Ag particles were roughly estimated from
the amount of Ag ions added, the ionic radius of a Ag ion, and the

average radius of a Ag particle (~40 nm) assuming that all particles
are in a sphere. SERS images and spectrums were obtained using
Raman microscopic spectrophotometer (Ramascope System 2000,
Renishaw, UK) composed of a light microscope, a CCD video cam-
era, and a spectrometer.  The use of 488-nm excitation was ~40
W/cm2 for imaging experiments and ~9 kW/cm2 for spectroscopic
experiments.  Morphology of Ag particles was evaluated using a
tapping-mode AFM (Nanoscope III, Digital Instruments, CA).

Before tackling adenine we implemented SERS experiments
involving R6G to find that our experimental methods are valid.
The use of R6G is a touchstone for single-molecule SERS  imag-
ing and spectroscopy, because R6G is photostable and suitable for
standard blue-to-green excitation.  The following two observations
(data not shown) by ourselves provide substantial evidence for sin-
gle-molecule SERS imaging and spectroscopy of R6G.  First, the
observed SERS spectrum was identical to that of R6G previously
reported.5 Second, SERS of R6G showed blinking in intensity and
spectral diffusion with time5,6 when the average number of R6G
molecules on a particle was 3 and 0.3.13 Indeed, blinking and spec-
tral diffusion are key observations not only for single-molecule
SERS5,6,8 but also for fluorescence single-molecule spec-
troscopy.1,2 Furthermore, the following three concentration-
dependent observations (data not shown) showed that R6G was
quantitatively adsorbed on Ag particles. (i)The number of observ-
able SERS-active “hot” particles, (ii) the number of hot particles
without blinking, and (iii) the intensity of SERS from hot particles
without blinking increased with increasing the average number of
R6G molecules on a particle: 0.3, 3, 30, and 300/particle.  Note that
each of these average numbers corresponds to 10–10, 10–9, 10–8,
and 10–7 M of the R6G solutions used for preparing samples,
respectively.  The observation (i) means that Ag particles are not
identified as hot ones unless possible hot sites are occupied by
R6G molecules.  The observations (ii) and (iii) mean that many
R6G molecules occupy possible hot sites on a hot particle with
increasing R6G molecules.  Under the 0.3/particle condition, the
number of observed hot particles was smaller than 1% of the total
particles; and all the observed hot particles showed blinking.  All
the observed hot particles were aggregated ones, not isolated single
particles.  This observation is also consistent with the previous
reports.6,7,9,10

We are now ready to implement single-molecule SERS imag-
ing and spectroscopy of adenine after the R6G experiment.  Note,
however, that two decided differences between R6G and adenine
make it difficult to follow exactly the R6G experiment using ade-
nine.  First, R6G is cation in aqueous solutions, whereas adenine is
not always so.  Thus, R6G is favorable for adsorption on Ag
particles because Ag particles intrinsically load a negative
charge.14 Almost all of adenine was in the neutral form in the
solution (pH = 7) we prepared.  The pK value of N1 in adenine
is 4.15;15 thus, the molar ratio of neutral adenine to cationic
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adenine is ~1000:1 at pH = 7.  Second, the 488-nm excitation is
in resonance with R6G but is totally out of resonance with ade-
nine.  The enhancement factor under the resonance varies from
experiment to experiment (102 to 105).16

Figure 1 shows a temporal change in the intensity of SERS
from a hot particle on which adenine molecules were adsorbed.
These time-resolved images identify a blinking behavior of
SERS.  Figure 2 shows a Raman spectrum from a hot particle
showing the blinking behavior.  This Raman spectrum is identi-
cal to that of adenine previously reported; a peak of a breathing
mode (730 cm–1) and a peak of a ring-stretching mode (1330
cm–1) were identified.  From the blinking and spectrum, we con-
sider that single-molecule SERS imaging and spectroscopy of
adenine is achieved.  However, the concentration of an adenine
solution used for preparing the sample was 10–6 M.17 If all of
adenine molecules in a 10–6 M solution is adsorbed on Ag parti-
cles, the average number of adenine molecule on a particle is
~3000/particle.  This estimation sharply contradicts the observa-
tion of blinking of adenine SERS; indeed, observation of blinking
is the most convincing evidence for single-molecule SERS imag-
ing.6,8 To decide the contradiction we should remember the two
differences between R6G and adenine described in the previous

paragraph.  Assuming that only cationic chromophores adsorb
effectively on a Ag particle18 and that only extreme hot sites
among hot sites compensate lack of a gift of the resonance, the
use of a 10–6 M adenine solution could be equivalent to that of a
10–9 to 10–10 M R6G solutions.  Anyway, real aspects of this
contradiction are unknown at the moment.

In conclusion, with the help of Ag colloidal nanoparticles
we have observed blinking of SERS involving adenine mole-
cules, which is the most important evidence for achievement of
single-molecule SERS.

This work was performed with a support from New Energy
and Industrial Technology Development Organization at the
Joint Research Center for Atom Technology.
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